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ABSTRACT 
Genetic engineering of maize plants with genes (Bt genes) for resistance to 
Lepidopteran insects reduces the risk of grain contamination with fumonisin mycotoxins. 
Fumonisins are secondary metabolites of certain Fusarium fungal species that may be present 
in maize grain and, when consumed, lead to a variety to detrimental health impacts in both 
humans and animals.  Changing insect populations, newly available transgenes, and trends in 
maize utilization have raised new questions about the scope of Bt effects on fumonisins.  
Field trials were conducted at two locations in 2008-2011 to assess the effects of 
expression of Bt insecticidal proteins Cry1Ab, Cry1F, or Cry1Ab x Vip3Aa on fumonisin 
contamination in grain following infestations with European corn borer (ECB), Western bean 
cutworm (WBC), corn earworm (CEW), and natural insect infestation (no insects applied).  
These maize pests are common in the major maize-producing regions of the United States 
and their feeding can reduce yields and increase levels of fungal contamination and 
mycotoxins.  Fumonisins have also demonstrated toxic effects on certain yeast strains used in 
fermentation of maize grain for fuel ethanol production.  Additionally, because fumonisins 
are heat-stable and non-volatile under relevant conditions, they can be enriched up to three-
fold in dried distillers’ grains with solubles (DDGS), the residual non-fermentable co-product 
of fuel ethanol processing which is fed to livestock.  Therefore, fumonisin contamination in 
maize is a significant consideration for maize and maize-based ethanol producers.   
Grain quality was assessed by visual inspection to determine the extent of kernel 
injury and Fusarium ear rot, and by ELISA or HPLC to determine the fumonisin content.  
Visual assessment of maize obtained from field trials revealed significant reductions in 
kernel injury and Fusarium ear rot in Bt versus non-Bt maize.  Both HPLC and ELISA 
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measurements of maize grain demonstrated that fumonisin levels were significantly reduced 
in Bt as compared with non-Bt maize.  Protection against multiple Lepidopteran pests 
provided by Cry1F or Cry1Ab x Vip3Aa resulted in the most noteworthy improvements in 
grain quality and reduced fumonisin levels.  
Maize obtained from these field trials was used to examine the impacts of grain 
quality and fumonisin contamination on fermentation outputs including ethanol and DDGS.  
Naturally and artificially contaminated maize samples ranging from 0-37 mg kg-1 total 
fumonisins were fermented, ethanol yield determined, and DDGS was collected and analyzed 
for fumonisin content.  Ethanol yield was not affected by fumonisin contamination of maize 
in the range of concentrations examined.  Fumonisins in DDGS derived from Bt hybrids 
averaged 2.04 mg kg-1 whereas those from non-Bt hybrids averaged 8.25 mg kg-1.  
Enrichment factors (DDGS fumonisin level/ground grain fumonisin level) did not differ 
significantly from 3.0 for 50 out of 57 hybrid x insect infestation treatment combinations. 
The seven that differed significantly from 3.0 were <3.0 (1.56 to 2.56x).   
The present study provides evidence for the efficacy of Cry1Ab, Cry1F, and Cry1Ab 
x Vip3Aa Bt maize reducing feeding from Lepidopteran insects ECB, CEW, and WBC, 
which resulted in indirect fumonisin reductions in Bt maize compared with non-Bt maize. 
The present study also provides laboratory-scale validation for the industry assumption of 
three-fold enrichment of fumonisins in DDGS, with fumonisin measurements traceable to 
individual samples.
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CHAPTER I   
INTRODUCTION 
 
Modified from a paper to be submitted to a journal yet to be determined 
   
Erin Bowers 1 and Gary Munkvold 2 
1Primary author, 2Major Professor 
Dissertation Organization 
 This dissertation begins with a literature review describing the impacts of transgenic, 
insect-resistant maize (Bt maize) on insect feeding, fungal contamination, and Fusarium 
mycotoxin content of grain.  Following the literature review are three manuscripts detailing 
the research which was conducted.  Second and third authors on the manuscripts were either 
Major Professor or collaborators.  General conclusions are stated at the end of the 
dissertation. 
Literature Review 
Insects belonging to the Order Lepidoptera are some of the most widespread and 
damaging maize pests known; they have caused billions of dollars in direct yield losses and 
the damage they cause to maize kernels as they feed predisposes the grain to infection by 
fungi.  Of particular concern are the Fusarium fungal species, which contaminate maize 
worldwide and are capable of producing a plethora of toxic, secondary metabolites known as 
mycotoxins.  Maize adulteration with mycotoxins limits grain marketability and use in food 
and feed as these toxins are responsible for numerous detrimental health effects in humans 
and in various animal species.  Expression of insecticidal proteins derived from the bacterium 
Bacillus thuringiensis deters feeding by Lepidopteran insects in genetically modified maize 
and consequently can suppress mycotoxin accumulation in grain.  The present review 
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summarizes the available research on indirect Fusarium mycotoxin reductions in Bt maize, as 
well as factors which influence this capacity, and resultant economic and human and animal 
health implications of Bt maize, which are related to its reduced mycotoxin contamination. 
 
Fusarium mycotoxins in maize 
Maize is a staple food crop worldwide and, according to the USDA Foreign 
Agricultural Service, worldwide production exceeded 882 million metric tons (34.7 billion 
bushels) in the 2011/2012 growing season [1].  Fusarium fungi contaminate maize 
worldwide and are capable of producing a variety of mycotoxins, which can reduce the value 
of the grain (see Table 1).  Infection occurs in all parts of the plant via direct penetration, 
entry through wounds, seed transmission, and systemic pathways [2].  Detrimental impacts 
on plant health result in economic losses from reductions in yield and grain quality, and the 
production of mycotoxins in affected kernels has adverse economic impacts on livestock 
productivity, as well as inducing negative health effects in both humans and animals [3, 4].  
The presence of fungal contamination in maize does not guarantee the presence of 
mycotoxins [5], and mycotoxins can be detected in maize lacking visible fungal symptoms.  
For example, fumonisin mycotoxin levels above 1 mg/kg have been found in symptomless 
grain [6].  Mycotoxin contamination in maize is highly dependent upon climatic conditions 
favorable for fungal infection and colonization as well as mycotoxin production itself.  These 
conditions are variable depending on the Fusarium species, which can manifest in regional 
susceptibilities to particular mycotoxin(s).  For example, in the Midwestern United States, 
the most maize-intensive region of the country, fumonisins have been endemic maize 
contaminants due to climatic conditions favorable for the growth of Fusarium verticillioides.  
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Venturing north into maize-growing regions in Canada, deoxynivalenol and zearalenone are 
typically the mycotoxins of concern, as the cooler climate favors the growth of Fusarium 
graminearum [7].   
Governments around the globe have developed regulatory limits or recommendations 
for maximum safe levels of mycotoxins in agricultural products, animal feeds, or human 
foods [8].  The United States Food and Drug Administration (FDA) and the European 
Commission (EC) have published regulatory, action, or guidance levels for three Fusarium 
mycotoxins: fumonisins (FDA and EC), deoxynivalenol (FDA and EC), and zearalenone 
(EC).  These three toxins have numerous specific health impacts, but common among them is 
the ability to cause immunosuppression in animals [9].  More details regarding the 
occurrence, regulatory (or guidance) levels, and health impacts of these mycotoxins are 
discussed below. 
 
Fumonisins 
Fumonisin contamination of maize is a worldwide problem [2, 10].  Optimum 
conditions for growth of fumonisin-producing Fusarium species are warm temperatures (25-
30°C) and and high water activity (>0.90), and for fumonisin production are from 15-30°C 
and >0.93 water activity [11].  Fumonisin B1 (FB1) Fumonisin B2 (FB2), and Fumonisin B3 
(FB3) are the most abundant of fumonisin moieties found in maize grain [12, 13] and FB1 
typically comprises 70% of the total fumonisins found in contaminated maize [14, 15, 16, 
17].  The FDA has set guidance levels for total fumonisin content in food intended for human 
consumption (FB1 + FB2 +FB3) at 2-4 mg kg-1 (depending on the product) [18] while the EC 
has adopted more conservative regulatory limits of 0.2-1 mg kg-1 for products of the same 
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nature [19].  Epidemiological data from regions in China and South Africa associate dietary 
fumonisin with esophageal cancer in humans [20, 21].  More recent data obtained along the 
Texas-Mexico border associate maternal fumonisin exposure with neural tube defects (NTD) 
in their children [22].  An in vivo mouse model provides evidence supporting a causative 
relationship between FB1-NTD [23] and the currently accepted mechanism is that fumonisins 
disrupt sphingolipid biosynthesis [24], leading to decreased functionality of folate receptors.  
This can result in maternal folate deficiency, a risk factor for fetal NTD’s [25, 26].  The 
International Agency for Research on Cancer (IARC) classifies FB1 as a group 2B 
carcinogen, possibly carcinogenic to humans.   
Both the FDA and EC have established recommended advisory and guidance levels, 
respectively, for the inclusion of fumonisin-contaminated feed.  The guidances vary by 
livestock species, corresponding to the severity of health impacts which manifest upon 
consumption of contaminated feed.  Dietary exposure to fumonisins in feed has resulted in 
adverse health effects in animals including equine leukoencephalomalacia [27, 28], porcine 
pulmonary edema [29], kidney and liver toxicity in lamb [30], and acute liver toxicity and 
hepatocarcinogenic effects in rats.  The FDA inclusion for fumonisins range from 5 mg kg-1 
in no more than 20% of total feed rations for the most sensitive species, horses and rabbits, 
up to 100 mg kg-1 in up to 50% of feed rations for poultry being raised for slaughter (Tables 
2 and 3). 
 
Deoxynivalenol (vomitoxin) 
Deoxynivalenol (DON) is a worldwide contaminant of cereal crops and the FDA set 
an advisory level of 1 ppm in food products intended for human consumption, while the EU 
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regulates DON in the range of 0.2 ppm in baby food up to 1.75 ppm in unprocessed 
maize [19].  Optimum conditions favorable for growth of DON-producing Fusarium species 
are cool temperatures (20-25°C) and high water activity (0.98-0.995), and for DON 
production are 29-30°C for F. graminearum and 25-26°C for F. culmorum and 0.99 water 
activity [11].  DON inhibits DNA, RNA, and protein synthesis by binding to eukaryotic 
ribosomes.  It has also been implicated in initiating cellular apoptotic pathways through is 
ability to activate protein kinases [31].  Historical incidences of acute illness have been 
reported due to human consumption of DON-contaminated grain.  Affected individuals have 
gastrointestinal symptoms with rapid onset times (15-30 min) [32].   
In animal studies, ruminants and poultry have shown considerable resistance to DON 
toxicity, while swine appear to be the most sensitive livestock.  Acute effects in swine 
include gastroenteritis with associated vomiting (hence, its common name, vomitoxin) while 
chronic exposure of susceptible species can result in feed refusal and corresponding 
reductions in weight gain, as well as immune system dysfunction  [33].  Low-dose exposure 
has been shown to compromise the functionality of rat intestinal epithelial cells in a dose-
dependent manner  [34] and weight gain suppression has been validated in a mouse 
model [35].  Inhibition of protein synthesis has also been demonstrated in mice orally dosed 
with DON.  DON is a feed contaminant, and both the FDA and EC have issued advisory and 
guidance levels, respectively, for the inclusion of DON-contaminated feed constituents as 
shown in Tables 4 and 5, respectively. 
 
Zearalenone 
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The EC has issued guidance levels for zearalenone (ZEA) contamination in human 
food and animal feedstuffs (Table 6).  Guidelines for ZEA in food range from 20 ug kg-1 in 
baby food and processed maize-based foods for infants and young children up to 350 ug kg-1 
in unprocessed maize and 400 ug kg-1 in refined maize oil.  Optimum conditions favorable 
for growth of ZEA-producing Fusarium species are cool temperatures (20-25°C) and high 
water activity (0.98-0.995), and for production of ZEA are 25-30°C and >0.98 water activity 
(for F. graminearum).  ZEA binds estrogen receptors and is capable of inducing gene-
regulated estrogenic responses.  Reproductive effects have been noted in pigs, notably uterine 
and ovarian abnormalities [36], as well as in fish [37].  The FDA acknowledges that 
zearalenone can have negative health impacts on mammals, but currently has not established 
guidance or regulation for zearalenone contamination in food or feed.  While this compound 
exhibits profound estrogenic activity, its toxicity is relatively low [38].  
 
Lepidopteran insects and their roles in maize fungal contamination 
Maize grain quality can be compromised by multiple factors including insect damage 
and  
fungal and mycotoxin contamination.  Fungal infection and establishment in maize grain can 
occur unassisted; however, it is aided and enhanced by insects, to a greater or lesser extent, 
depending on the fungal species.  The damage incurred by maize plant tissues as a result of 
insect feeding creates open wounds, which predispose the plant to infection.  Also, insects 
can act as fungal vectors [39] transporting spores from an initial inoculum source, an infected 
plant, or contaminated plant surfaces onto or into healthy maize plant tissues through 
feeding  [40] or frass excretion [41].  It has been recognized for decades that insects have a 
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long-standing role in the contamination of maize with mycotoxigenic Fusarium fungi [39, 
40-44], and therefore are important players in mycotoxin accumulation in maize.  Insects 
belonging to several different orders can enhance fungal infection and mycotoxin 
contamination, but those in the Lepidoptera order are the most important contributors to 
these problems in maize [39].   
Lepidopteran insect species damage maize worldwide, and one of the most 
widespread species has historically been the European corn borer (Ostrinia nubilalis Hübner) 
(ECB) [45].  ECB has been considered the maize pest of primary concern in many parts of 
the world.  This has historically been true in the United States; pests of secondary concern, 
including corn earworm (Helicoverpa zea Boddie) (CEW), Western bean cutworm 
(Striacosta albicosta Smith) (WBC) [46], and armyworm (Pseudaletia unipuncta Haworth) 
(AW) or fall armyworm (Spodoptera frugiperda J.E. Smith) (FAW), vary regionally.  ECB is 
also of primary concern in many parts of Europe, with additional pressures exerted by the 
Mediterranean corn borer (or pink stem borer, Sesamia nonagrioides Lefébvre) (MCB).  In 
China, the Asian corn borer (Ostrinia furnicalis Guenee) (ACB) predominates over the ECB 
in all but one region as the most serious maize pest [47] and is predominant in the Philippines 
as well.  Sugarcane borer (Diatraea saccharalis Fabricius) (SB) and CEW are cause for 
concern in areas of Central and South America, including Argentina. ECB larval infestations 
increase both Fusarium ear rot symptoms as well as symptomless infection in maize [40].  
Insect feeding damage is often highly correlated with fumonisin mycotoxin contamination, as 
in the case of maize manually infested with ECB ([48], Fig. 1) or in maize naturally infested 
with ECB or corn earworm [49].  Likewise, control of natural ECB populations through the 
use of pyrethroid insecticide reduced FB1 contamination in grain in a six-year study 
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conducted in Northern Italy [50].  In Italy, Sesamia damage of maize ears (22 hybrids) was 
highly correlated with fumonisin content (R=0.749) [6].   
 
Bt maize: history, adoption, and efficacy 
Bacillus thuringiensis (Bt) is the bacterium from which the Bt genes in transgenic, 
insect-resistant crops are derived.  In 1901, Shigetane Ishiwatari first reported the insecticidal 
properties of Bt against silkworms [51].  In 1911, Ernst Berliner discovered it was the 
causative agent in the death of a large numbers of flour moths [52].  Bt has been employed as 
a foliar insecticide since the 1930’s but not without limitations - it only is effective when 
ingested, it rapidly deteriorates in light, washes off of the plant in the rain, and does not 
penetrate plant tissues; therefore its activity is limited both spatially and temporally [53, 54].  
Bt forms a parasporal crystal during its stationary growth phase and most of the insecticidal 
activity of the bacterium was attributed to this formation.  First-generation Bt maize hybrids 
expressed cry genes encoding for the production of Cry proteins in specific plant tissues.  
These proteins are protoxins, which, when consumed by feeding larvae, are cleaved by 
proteolytic enzymes in the insect gut to their active, toxic forms.  From this point on the 
efficacy of Cry toxins depends upon binding to specific receptors on midgut epithelial cells 
where it leads to pore formation and disrupts cellular integrity.  Subsequent ionic imbalance 
and gut pH imbalance lead to cell lysis, and septicemia [55]. 
More recently, vegetative insecticidal proteins (VIP) have been expressed in maize.  
These proteins are secreted during the vegetative growth phase of the bacterial cells and also 
have insecticidal activity, but are not crystal-forming proteins.  VIP’s toxic activity is also 
believed to be through pore formation in midgut epithelial cells leading to pore formation and 
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cell lysis [56], however, it is believed to target unique receptors (with respect to Cry proteins) 
on epithelial cells [57].  This unique activity may be the basis for a differential spectrum of 
insect control for VIP insecticidal proteins relative to Cry proteins.  Both classes of proteins 
are species-specific, and their persistent and rapid activity renders Bt maize hybrids highly 
resistant to damage from Lepidopteran pests. 
Bt maize hybrids may contain one or multiple insect-resistance genes; those which 
produce multiple Bt-derived proteins in the same plant grant a broader spectrum of insect 
protection than hybrids producing only a single protein and are referred to as stacked-gene or 
pyramided hybrids.  Other stacked-gene hybrids include those partnered with herbicide 
tolerance genes, however, these genes are unrelated to Bt and fall outside the scope of this 
review.  Table 7 contains information on some commercially available Bt maize events, 
including insecticidal protein(s) produced and target Lepidopteran species.  Bt maize was 
made commercially available in the Unites States in 1996 [58].  Since the deployment of the 
technology, planting of maize hybrids expressing Bt insecticidal proteins has continually 
increased in the United States, growing from 8% of maize acreage in 1997 to 76% in 2013 
(Fig. 2) [59].  
Commercialization of Bt maize in the United States was a milestone in addressing the 
costly problem of the ECB and in the adoption of transgenic crops.  Bt hybrids expressing the 
Cry1Ab protein have been effective in reducing injury from ECB feeding [60-63], but 
Cry1Ab is not highly effective against other common Lepidopteran maize pests, such as 
CEW and WBC [16].  Cry1Ab has been shown to deter feeding from another Lepidopteran 
maize pest, Southwestern corn borer (Diatraea grandiosella Dyar) (SWCB) [64], however, 
this insect does most of its damage to the stalks; therefore, its influence on Fusarium 
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mycotoxins is lower than that of ECB and other pests that feed extensively on ears.  Hybrids 
expressing the Cry1F protein protect against both ECB and WBC [46, 65] but have been 
inadequately effective in controlling CEW [60].  The more recently commercialized Vip3Aa 
maize (pyramided with Cry1Ab), however, is capable of controlling CEW populations in the 
field [66].  CEW and WBC have historically been considered secondary maize pests 
compared to ECB in the United States, but these pests have recently increased in importance.  
Extensive adoption of Bt maize in the United States has culminated in reductions in 
populations of ECB-the most damaging maize pest in the United States and Canada [67].  A 
recent study examined ECB population densities in 5 states in the United States, four of 
which were the top maize-producing states in the country, and found that ECB populations 
had declined in all five states and in two of the top-producing states had been reduced by an 
average of 73% (Minnesota) and 64% (Illinois) from pre-Bt population densities [68].  The 
population decline of the ECB is an incredible success story in the history of Bt maize.  
Alongside this success is a need for effective monitoring and control of Lepidoptera which 
were previously considered to be secondary pests of maize.  Populations dynamics will adjust 
to fill this available niche, and control may well depend on strategic Bt hybrid utilization to 
target potential pests with the correct combination of insecticidal activity.  U.S. growers who 
have adopted Bt maize experience higher yields and increased profitability due to reduced 
use of synthetic pesticides and increased grain quality [69, 70].  Evidence of these grower 
benefits in the United States has led to widespread global adoption of Bt maize; it is currently 
grown in 17 countries worldwide [71].  
Bt maize was first planted in the EU in 1998 (Spain and France) but political 
controversy and conflicts between the EC and EU member states have hindered its adoption.  
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Transgenic crops have been effectively banned in several EU countries (including France and 
Italy) and their planting is restricted in the few countries where they are allowed.  In 2012, 
five EU countries (Portugal, Spain, Czech Republic, Slovakia, and Romania) planted a record 
129,071 hectares of Bt maize.  Spain leads European cultivation with 116,307 ha, about 90% 
of the EU total [71].  In EU countries, only hybrids expressing the single Cry1Ab protein are 
commercially available.  This imposes limitations on the efficacy of Bt maize for reducing 
feeding damage, because the range of insects susceptible to this toxin is relatively small 
compared to the potential insecticidal activity available.  As of 2012, total Bt maize planting 
as a percentage of all maize planted was only 1.4% [72].  In Spain, Bt maize planting 
increased by 20% between 2011 and 2012, mainly because of yield advantages averaging 
2.15 tons/ha (73).  In two studies conducted in Germany, in plots manually or naturally 
infested with ECB, levels of stalk and ear damage in Bt hybrids were significantly lower than 
in either isogenic or commercial hybrids lacking Bt genes [73, 74].  Twardowski et al. found 
similar results for field trials conducted in Poland [75].  Benefits of the scale experienced in 
the United States (reducing overall ECB pest-pressure) have not been achieved in the EU and 
are unlikely, unless rates of adoption increase dramatically, however, yield benefits are 
apparent in Bt maize, depending on insect pest pressures.  Areas with high pest pressure from 
ECB and MCB experience high yield benefits from Bt maize, while areas with low pest 
pressure do not [72].  Strategic use of Bt maize can be a means to maximize grower benefits. 
 
Bt maize in relation to Fusarium fungal infection and mycotoxins in maize  
Since the first report of fumonisin reductions in Bt maize hybrids in 1999 [48], 
numerous studies have been conducted in North America and Europe, as well as in South 
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America, South Africa, and the Philippines, to obtain measurable data on Bt maize’s impact 
on grain quality and quantity of Fusarium mycotoxins.  These studies have examined all 
commercially available Bt hybrids exposed to a variety of naturally-occurring or artificially-
induced insect pest pressures to determine if and under what circumstances indirect 
mycotoxin reductions manifest.  The initial report originated from field trials conducted in 
Iowa, USA, and concluded that Cry1Ab hybrids, which expressed insecticidal protein in all 
plant tissues for the entire growing season, experienced significantly less fumonisin 
contamination compared with near-isogenic controls, especially under significant ECB pest 
pressure [48].  Fumonisin B1 concentration was also significantly correlated with insect 
feeding severity, Fusarium ear rot severity, and symptomless Fusarium infection in 2, 3, and 
2 years of the study, respectively.  Similarly in 1999, FB1 reductions in Bt versus non-Bt 
maize (1.97 versus 20.05 mg kg-1) were reported in Italy (P=0.04) with no significant effect 
on DON or zearalenone (288 versus 365 ug kg-1 and 31 versus 0 ug kg-1 in Bt and non-Bt 
maize, respectively).  No report on the incidence or influence of insect activity on mycotoxin 
levels in maize was made in this study [76].  In the following year, a study was published 
reporting on field trials conducted in Illinois, USA.  Fumonisin reductions in Bt hybrids were 
realized, however, their significance was variable.  In agreement with Munkvold et al. [48], 
they concluded that Bt hybrids, which did not express insecticidal proteins in all plant tissues, 
were less effective at deterring insect activity and, therefore, were less likely to experience 
indirect mycotoxin reductions.  Natural infestations of CEW in the experimental plots 
confounded the ability to detect differences in fumonisin contamination of Bt and non-Bt 
maize hybrids attributable to deterrence of the target pest, ECB.  This study [15] concluded 
13 
 
that the efficacy of Bt maize at reducing mycotoxins is highly dependent upon the species 
composition of pest pressures as well as hybrid-environment interactions.  
The first Canadian study [77] was published in 2002, examining both DON and FB1 
content of Bt and near isogenic hybrids.  FB1 did not differ significantly in pairwise 
comparisons however, in all 4 years of the study the maximum level of FB1 contamination 
recorded was 4 mg kg-1 and means over all hybrids and incidence was within the range of 6-
56% samples detecting positive, depending on the year.  DON was significantly reduced 
from 30-64% in Bt versus non-Bt hybrids, depending on the year (0.0001<P<0.02) [77].   
Up to this point in the review, studies presented have focused on the impact of 
Cry1Ab-expressing maize hybrids and how their insecticidal activity against ECB affected 
feeding damage severity, fungal contamination (mostly focused on Fusarium), and 
mycotoxin levels in maize.  Another important maize pest in the United States, CEW, has 
previously exhibited altered feeding patterns on Cry1Ab maize compared to near-isogenic 
controls [49].  Clements and colleagues examined the activity of this insect (along with ECB) 
on Bt and near-isogenic maize to determine if it contributed to indirect reductions in 
fumonisins in maize.  ECB leaf feeding at maize vegetative growth stage VT, and CEW-
induced kernel damage at both kerneldough stage and at maturity were reduced in Bt versus 
non-Bt hybrids (P<0.05).  Bt and non-Bt hybrids did not differ in fumonisin contamination in 
CEW-infested plots; however, ECB-infested Bt plots had reduced fumonisin levels compared 
to non-Bt plots.  These relationships held true regardless of the presence or absence of 
Fusarium fungal inoculation in maize [60]. 
Field experiments with Bt and non-Bt maize were conducted in Argentina and the 
Philippines where maize pest pressures were primarily sugarcane borer and CEW (in 
14 
 
Argentina) and ACB (in the Philippines).  Across all locations in the Argentinian trials there 
were significant reductions in fumonisins in Bt versus non-Bt maize in two years of the study 
(mean FB1 + FB2 content of 2.46 mg kg-1 versus 6.29 mg kg-1 in 2000 and 0.56 mg kg-1 
versus 3.06 mg kg-1 in 2001, P<0.0001 for both years).  Trials conducted in the Philippines 
did not differ significantly, but mean fumonisin levels did not exceed 2 mg kg-1 in either Bt 
or non-Bt hybrids at either of two locations in two years of the trial.  Other data were 
obtained in this experiment that, when combined, allowed for creation of a predictive model 
for fumonisin in which weather and insect damage severity accounted for ~82% of 
variability [78].  A later publication from Argentina also demonstrated reductions in total 
fumonisin levels (FB1 + FB2 + FB3) in Bt maize compared with non-Bt (P<0.0001) although 
DON levels did not differ significantly.  In two years of the study, fumonisins were detected 
in 100% of samples (means 0.043 mg kg-1 and 0.200 mg kg-1 in Bt and non-Bt maize in 
2002/2003 and 0.173 mg kg-1 and 0.633 mg kg-1 in Bt and non-Bt maize in 2003/2004, 
respectively) while DON was detected in 56% of samples in 2002/2003 (means 1.6 ug kg-1 
and 1.8 ug kg-1 in Bt and non-Bt maize, respectively) and in 72% of samples in 2003/2004 
(means 1.9 ug kg-1 and 2.4 ug kg-1 in Bt and non-Bt maize, respectively) [79]. 
Local maize pest pressures play a significant role in the incidence of indirect 
fumonisin reductions in Bt maize.  Cry1Ab maize has a limited scope of insecticidal activity.  
This was previously identified in Illinois maize trials in which efforts to identify these 
benefits in ECB-infested Cry1Ab maize were thwarted by high levels of naturally occurring 
CEW populations in the field [15].  This was further demonstrated in field trials in South 
Dakota when high WBC pressure in Cry1Ab maize masked the fumonisin-reducing benefits 
that had previously been demonstrated under ECB pressure.  This study primarily included 
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Cry1Ab hybrids, but also one Cry1F hybrid whose insecticidal activity against WBC 
provided fumonisin-reducing benefits of Bt maize compared with near-isogenic non-Bt 
maize [46].  A 2013 study published with data from Iowa also demonstrated the 
susceptibility of Cry1Ab to WBC infestation [16].  Insect injury in WBC-infested Cry1Ab 
plots was on the same level as that experienced in non-Bt plots.  Insect injury was 
consistently lower in WBC-infested Cry1F plots.  Averaged over 2008-2010, Cry1Ab, 
Cry1F, and non-Bt hybrids suffered 3.53, 1.60, and 4.47% damaged kernels per ear, 6.72, 
3.66, 7.91% Fusarium infected kernels per ear, and 0.70, 0.66, and 2.33 mg kg-1 total 
fumonisins (FB1 + FB2 +FB3) in grain, respectively.  The insecticidal activity of Cry1F 
toward WBC produced tangible benefits in reducing fumonisin mycotoxin in grain.  Under 
WBC infestation, Cry1F fumonisin levels were significantly reduced compared to Cry1Ab or 
non-Bt maize in five of six possible comparisons [16].  In the Southern maize-growing 
regions of the United States, Bt maize has also been effective at reducing fumonisins, 
however these reductions have been less dramatic.  Fumonisin content was lower in Bt versus 
non-Bt hybrids grown in Mississippi (5.2 mg kg-1 versus 8.5 mg kg-1, P<0.01) [80].  This 
difference, while significant, still produced grain with fumonisins levels higher than 
recommended for some uses.  Similarly, in Arkansas, over a three-year study fumonisin 
content in Bt maize was significantly reduced compared to non-Bt maize, however, mean 
fumonisin levels for two of 10 Bt hybrids over the three-year study still were highly 
contaminated, exceeding 20 mg kg-1 (compared with 6 of 17 non-Bt maize hybrids) [81].  
These results may have been due to the presence of non-target pests in the field or the 
location may have provided climatic conditions naturally conducive to fungal growth and/or 
fumonisin production. 
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Cry1Ab maize hybrids are the only commercially available Bt hybrids in the EU. 
These hybrids are currently being grown in only five European countries [71], but research 
on mycotoxin effects also has been conducted in countries in which they currently are not 
commercially available.  For example, data are available from Spain [17, 82, 83], France [17, 
84], Italy [76, 85], Germany [73, 74, 86], Poland [87], and Turkey [88] among others.  Of the 
European studies considered in this review (and listed above) all but two  [86, 89] reported 
on fumonisin content in Bt maize compared with non-Bt, near isogenic hybrids.  Five of these 
studies report significant reductions in fumonisin levels of Bt maize compared with near-
isogenic controls.  These studies spanned the EU and included Spain, France, Italy, Germany, 
and Turkey.  Two German studies reported no significant difference between fumonisin 
levels of Bt vs. non-Bt maize, but fumonisin levels were very low in all treatments.  Four 
additional studies reported reductions in Bt hybrids, but statistical analyses were not reported.  
Papst et al. [73] found Bt plots subject to artificial ECB infestation had significantly lower 
levels of fumonisins (P<0.10) compared with isogenic hybrids, but this difference was not 
significant in non-infested (insecticide-treated) plots, as would be expected. 
In 2002, it was reported that field trials at five locations in Spain and France all had 
reduced levels of fumonisins in Bt versus non-Bt hybrids (0.05-0.3 mg kg-1 versus 0.4-9 mg 
kg-1, P<0.01).  DON content was significantly reduced in Bt hybrids in three of five 
experiments (17-332 ug kg-1 versus 82-751 ug kg-1, P<0.01), however, in one of the 
experiments it was significantly increased in Bt hybrids (729 ug kg-1 versus 472 ug kg-1, 
P<0.01).  Zearalenone was also significantly reduced in Bt maize compared with non-Bt in 
one of the five experiments (4 versus 33 ug kg-1, P<0.01) [17].  Table 8 shows data from two 
survey studies conducted in Spain in 2007, which found Bt maize to have reduced levels of 
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fumonisins compared with conventional maize (although differences were not statistically 
significant).  A survey performed in the Midwest United States in 2000-2002 found mean 
fumonisin reductions of 4.5 mg kg-1 and 10.3 mg kg-1 in Bt maize hybrids when the 
corresponding non-Bt maize hybrids were contaminated in the range of 5-10 mg kg-1 or >10 
mg kg-1, respectively [12].  No significant difference between Bt and non-Bt hybrids were 
found for ZEA by Masoero et al. [76] and Valenta et al. [89].  ZEA is less-commonly 
reported compared to fumonisins and DON.  This does not detract from its important role in 
grain quality and suitability for food and feed markets.   
Bt maize’s impact on deoxynivalenol is more complex than that of fumonisin.  While 
a number of studies have reported significant reductions in deoxynivalenol levels attributed 
to Bt maize, others report levels to be significantly increased.  Three different studies from 
Germany, which employed both artificial insect infestation and natural infestation (with 
insecticide protection), reported significant reductions in DON levels in Bt maize compared 
with isogenic, non-Bt hybrids.  Magg et al. [74] found this to be true across all insect 
infestation treatments while Papst et al. [73] and Valenta et al. [89] observed significant 
reductions only in artificially infested plots.  The DON levels in the naturally infested, 
insecticide protected plots of these two studies did not differ significantly between Bt and 
non-Bt maize.  Insecticide treatment would be expected to reduce the advantage of Bt 
hybrids.  As previously mentioned, Bakan et al. [17] reported results of field trials in five 
different locations, three in France and two in Spain, where mixed impacts of Bt maize on 
DON content of maize were observed.  In three of the five locations (one in France and two 
in Spain), Bt maize hybrids had significantly less DON contamination than their isogenic 
controls.  In one location in France, no significant difference in DON content was observed 
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and, in another French location, Bt maize hybrids had significantly more DON contamination 
than their isogenic controls.  Two additional European studies report on DON levels in Bt 
maize vs. isogenic controls, but without statistical analysis.  Tekiela  [87] reported DON 
reductions in five different maize hybrids grown in Poland, and Rossi et al.  [85] compared a 
single Bt and isogenic hybrid pair at two sites in Italy and found DON content to be lower in 
Bt maize at one site and higher at the other site.  Schaafsma et al. [77] reported 59% DON 
reduction in Bt maize, which they classified as highly insect damaged, while no significant 
difference in DON content between Bt and non-Bt maize suffering low levels of insect injury 
was found.  Folcher et al. [84] also reported significantly higher DON in Bt hybrids 
compared to non-Bt hybrids, but combined with significant reductions in fumonisins and 
ZEA, however, they calculated a 75% reduction in overall mycotoxin content in Bt compared 
with non-Bt maize.  This translates into a significantly higher portion of Bt maize being 
marketable compared with non-Bt maize (100% and 85% marketable Bt maize compared 
with 43% and 48% marketable non-Bt maize in 2005 and 2006, respectively). 
Fumonisin levels in Bt maize are consistently reduced as compared with non-Bt 
maize, especially under conditions of significant pest pressures.  This may be a result of the 
relationship between ECB larval feeding and the incidence of F. verticillioides.  Gatch and 
Munkvold [90] noted that F. verticillioides was favored by ECB larval feeding in maize 
stalks and, likewise, Lew et al. found that more than 80% of ECB-damaged ears were 
infected with F. verticillioides and F. sacchari var. subglutinans while only 15% of ears 
infected with F. graminearum, F. crookwellence, and F. culmorum displayed corn borer 
injuries [91].  Logrieco et al. [3] also found that maize ears, which were not damaged by 
ECB larval feeding, were primarily contaminated with F. graminearum, F. culmorum, and F. 
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cerealis.  This observation provides evidence that the primary DON- and ZEA-producing 
fungal species (namely F. graminearum and F. culmorum) are less dependent upon ECB 
larval feeding to infect a maize plant.  In areas where weather conditions favor the 
development of F. graminearum and F. culmorum, indirect reduction of DON and ZEA may 
be less consistently influenced by the presence of Bt genes.  In these locations, the incidence 
of mycotoxins in maize may be more highly dependent upon climate as well as the 
predominant fungal species. 
Little research has been published on the impacts of hybrids with stacked Bt genes on 
Fusarium mycotoxins.  A study conducted in Iowa found Cry1Ab x Vip3Aa maize 
suppressed insect feeding damage under manual insect infestations with WBC, ECB, CEW, 
or natural (no insects applied) and suffered a mean 0.1% insect injury, 2.2% Fusarium ear rot 
severity, and 0.56 mg kg-1 total fumonisin contamination in maize.  Higher means were 
experienced in non-Bt maize in this study, which averaged 3.3% insect injury, 7.2% 
Fusarium ear rot severity, and 5.47 mg kg-1 total fumonisin contamination.  Fumonisin levels 
in maize were significantly reduced in both Cry1Ab and Cry1Ab x Vip3Aa maize compared 
to non-Bt maize under both ECB and CEW infestations, and in Cry1Ab x Vip3Aa compared 
with non-Bt maize in naturally infested plots (P<0.05) [92].  Fumonisin levels were lower in 
WBC-protected Cry1Ab x Vip3Aa hybrids compared with Cry1Ab or non-Bt hybrids, but 
differences were not statistically significant.  A Canadian report on Cry1Ab x Vip3Aa maize 
found a similar capacity of this insecticidal activity to reduce feeding from natural 
populations of WBC (P<0.05 compared with non-Bt maize) and to produce grain with lower 
levels of fumonisin contamination [93]. 
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Factors influencing the magnitude of Bt maize benefits 
Artificial insect infestations can be used to ensure symptomatic kernels and reduce 
variability among plants in the same infestation treatment.  Artificial ECB infestation 
enhanced fumonisin concentrations making significant differences more apparent in some 
studies [14].  Results on the use of this method in field trials can be impacted by larval 
survival and by competition with naturally occurring insects and predators. In some cases, 
levels of insect injury do not differ between natural and manual infestations, but artificial 
infestation nevertheless can result in higher fumonisins levels.  This is likely due to the 
timing of insect feeding, which is more variable in natural infestations.  Few studies in 
Europe have been conducted with artificial insect infestations, but one example is Magg et 
al. [74] who compared ECB-infested and insecticide-protected plots and found no significant 
difference in DON concentration, but did find significantly higher levels of FUM in ECB-
infested vs. insecticide-protected plots.  
Papst et al. [73] found significant decreases in both DON and FUM in Bt compared 
with non-Bt, which was evident only with artificial infestation.  Bt maize hybrids had 
significantly less damaged ears and stalks as well as fewer larvae present in ears compared to 
non-Bt maize.  
There are several factors which impact the presence and magnitude of indirect 
mycotoxin reductions achieved in Bt maize.  One of the most significant is the presence and 
feeding activity of target pest populations (those on which the insecticidal proteins are 
active).  The higher the pest populations in the field, the greater the potential for Bt maize to 
reduce feeding damage compared to non-Bt maize.  Schaafsma  [77] reported that insect 
damage (assessed by larval tunneling) determined whether Bt had a significant effect on 
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DON contamination (aka, DON increased with increased intensity of ECB feeding).  There 
was no significant difference in DON concentration in non-Bt maize with low levels of insect 
damage compared with corresponding Bt hybrids (P=0.1088), but highly damaged non-Bt 
maize had significantly more DON than near-isogenic Bt hybrids (P=0.0011).  In the group 
of highly-damaged non-Bt maize, DON was reduced by an average of 59% in the 
corresponding near-isogenic Bt hybrids.  Differences in fumonisins levels between Bt and 
non-Bt maize increase with increasing insect pressure, measured by injury in non-Bt hybrids 
(Fig. 3).  These results indicate that mycotoxin reductions in Bt maize are amplified with 
increasing pest pressures.  Because of this relationship, the use of artificial insect infestations 
can aid in demonstrating the impact of Bt-mediated insect protection on certain mycotoxins. 
In general, studies conducted with artificial Fusarium inoculation have shown less (or 
no) difference in mycotoxin contamination between Bt and non-Bt hybrids.  Naturally-
infested plots (no insects applied) plots experienced reduced levels of fumonisins in Bt maize 
in plots not inoculated with Fusarium, but in inoculated plots fumonisin levels did not differ 
between Bt and non-Bt maize [60].  Most inoculation procedures involve kernel wounding 
and this bypasses the protection from insect injury provided by Bt maize.  Even without 
wounding, fungal inoculation tends to dampen Bt effects on fumonisins, illustrating the 
importance of ECB and other insects as vectors of Fusarium spores.  If a high dose of 
inoculum is delivered artificially to the maize ear, the benefit of Bt maize is largely negated.  
Recent research suggests Bt gene expression directly influences fumonisin-producing 
Fusarium species.  Rocha et al. and Reis et al. found that FUM gene expression was reduced 
when F. verticillioides fungus was grown on maize kernels, which express either 
Cry1Ab [94] or Cry1F [95] compared with near-isogenic controls.  Historically, reduced 
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contamination of Bt maize with Fusarium mycotoxins is an indirect result of reduced insect 
activity, both vectoring capabilities as well as feeding damage.  Evidence of this additional 
capacity for Bt maize to impact Fusarium contamination would also discount the use of 
fungal inoculation because it would mask the natural ability of Bt to resist fungi compared to 
near-isogenic controls. 
  
Implications of mycotoxin reductions in Bt maize 
Improved grain quality for food and feed 
The EC threshold for fumonisin contamination in unprocessed maize has been set at 4 
mg kg-1 [19].  Aside from political divisions on Bt maize cultivation, maize growers could 
benefit from the use of Bt maize hybrids because they reduce mycotoxin content to levels 
where significantly higher portions of harvested grain are marketable [84].  Of the European 
studies reviewed here, seven reported incidences of fumonisins in excess of the 4 mg kg-1 
threshold, and only one of these infractions occurred in Bt maize.  In this single instance, the 
experiment was conducted in France in 2005 and 2006 comparing a single Bt hybrid against 
its isogenic, non-Bt counterpart at 21 locations.  In 2006, one of the locations revealed 
fumonisin concentrations in excess of the European threshold while 11 locations reported this 
excess in non-Bt maize.  Other instances of non-Bt maize exceeding the threshold were 
reported in this 2005 study (in 12 of 21 locations) [43].  Likewise, in a Polish study 
conducted in 2006 [87], one of four non-Bt hybrids reported an average concentration of 
fumonisins, which exceeded the threshold, and two different Italian studies [76, 85] also 
reported instances, where the threshold was surpassed.  In particular, Masoero et al. reported 
an average FB1 content of 20.05 mg kg-1 in naturally contaminated maize samples obtained 
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from two non-Bt hybrids grown at three locations in the Po Valley [76].  This level was the 
highest average contamination reported in naturally contaminated samples in European 
studies.  One field trial location in Spain averaged 9 mg kg-1 FB1 in non-Bt maize, which was 
more than 10x higher than for Bt maize grown at the same location [17].  All of the 
occurrences discussed thus far were for natural insect infestation.  The remaining reports 
were in non-Bt hybrids in studies, which induced kernel wounding.  Papst et al. [88] reported 
100% of non-Bt hybrids in their study averaging >4 mg kg-1 [73] and a Turkish study 
reported non-Bt maize contaminated with 17.5 mg kg-1 fumonisin while the isogenic, Bt 
counterpart was contaminated with 2.5 mg kg-1 when grown under the same conditions. 
   
Protecting economic profitability in the crop and livestock industries 
Dried distiller’s grains with solubles (DDGS) are a co-product of fuel ethanol 
production used as animal feed, but whose mycotoxin contamination is concentrated up to 
three-fold compared to their originating grain.  Large-scale maize ethanol production in the 
United States (capacity of 55.65 billion L in 2013) results in the annual production of a 
significant quantity of DDGS, and nearly all DDGS are consumed by beef and dairy cattle, 
swine, and poultry [96].  Of these species, swine are the most sensitive to dietary fumonisins.  
One study estimates that chronic, low-level exposure of swine to fumonisins in the form of 
contaminated DDGS could result in annual industry losses from $9 to $74 million [97].  
Losses are highly dependent on the fumonisin contamination of incoming grain.  These 
estimates were based on anticipated losses due to reduced weight gain resulting from dietary 
fumonisin exposure in the form of contaminated DDGS included at 10-20% total feed.  This 
inclusion level is well below the acceptable 50% inclusion of fumonisin-contaminated feed in 
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the diet but aligns with industry trends reported in 2006, where 12% of swine operations fed 
DDGS at an average 10% of total feed [98].  Exposure assessments conducted for both 
nursery swine and grower-finished pigs indicated the potential for Bt maize to reduce 
fumonisin exposure by up to one-half compared with diets containing non-Bt maize [99, 
100].  Bowers and Munkvold [101] found that Bt maize fermentations produced DDGS, 
which were consistently lower in fumonisin contamination than DDGS derived from non-Bt 
maize.  The average fumonisin content of Bt-derived DDGS in this study was 2.04 mg kg-1 
compared with DDGS derived from non-Bt hybrids, which averaged 8.25 mg kg-1.  Among 
the Bt hybrids tested, those with broader spectra of insecticidal activity had lower mean 
fumonisin contamination levels.  Cry1Ab targets only ECB and DDGS derived from these 
maize hybrids had an average fumonisin concentration of 2.64 mg kg-1.  Cry1F targets ECB 
and WBC and these DDGSs averaged 1.97 mg kg-1 while Cry1Ab x Vip3Aa targets ECB, 
WBC, and CEW and these DDGSs averaged 0.94 mg kg-1.  The reduced levels of fumonisin 
contamination in Bt maize increased the range of livestock, which can consume them without 
experiencing negative health effects, and provide greater flexibility for DDGS inclusion rates 
in livestock diets.  The utilization of Bt maize for fermentation maximizes the marketability 
of the DDGS and ensures optimization of animal health and productivity in animals that 
consume DDGSs as a portion of their diets. 
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Tables and Figures 
 Table 1. Mycotoxin-producing Fusarium species in maize (adapted from [102])  
Mycotoxin Fusarium producing species 
Fumonisins F. verticillioides, F. proliferatum 
DON F. graminearum, F. culmorum, F. poae, F. sporotrichioides 
Zearalenone F. graminearum, F. culmorum, F. crookwellense, F. equiseti, F. 
semitectum, F. sporotrichioides 
Nivalenol F. crookwellense, F. culmorum, F. equiseti, F. graminearum, F. 
poae, F. sporotrichioides 
Moniliformin F. acuminatum, F. avenaceum, F. culmorum, F. equiseti, F. 
graminearum, F. proliferatum, F. semitectum, F. sporotrichioides, F. 
subglutinans, F. verticillioides 
T-2 and HT-2 F. acuminatum, F. graminearum, F. poae, F. sporotrichioides 
Fusaric acid F. crookwellense, F. proliferatum, F. subglutinans, F. verticillioides 
Fusarenone-x F. crookwellense, F. culmorum, F. equiseti, F. graminearum, F. poae 
 
Table 2. Advisory levels for total fumonisins (FB1 + FB2 + FB3) in maize and maize by-
products intended for animal consumption and maximum inclusion of contaminated feed as a 
percentage of the diet (FDA) [103]  
Maize and maize by-products intended for: mg kg
-1 total FB’s 
(FB1+FB2+FB3) 
Maximum 
inclusion 
Equids and rabbits 5 20% 
Swine 20 50% 
Catfish 20 50% 
Ruminants breeding*/≥ 3 months old being raised for 
slaughter 30/60 50% 
Mink being raised for breeding/pelt production 30/60 50% 
Poultry being raised for breeding*/slaughter 30/100 50% 
All other species or classes of livestock and pet 
animals 10 50% 
*including lactating dairy cattle and hens laying eggs for human consumption 
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Table 3. Guidance levels for total fumonisins (FB1 + FB2) in maize and maize by-products 
intended for animal consumption and maximum contamination in complementary and 
complete feedingstuffs (EC) [104]. 
Feed material: mg kg-1 (FB1 + FB2) 
-Maize and maize by-products    60 
Complementary and complete feedingstuffs for:  
-pigs, horses (equids), rabbits and pet animals 5 
-fish 10 
-poultry, calves (< 4 months), lambs and kids 20 
-adult ruminants (> 4 months) and mink 50 
 
Table 4. Advisory levels for DON in grain and grain by-products intended for animal 
consumption and maximum inclusion of contaminated feed as a percentage of the diet 
(FDA) [105]. 
Grains and grain by-products intended for: mg kg-1 DON Maximum inclusion 
Swine 5 20% 
Ruminating beef and feedlot cattle > 4 months old* 10 100% 
Ruminating dairy cattle > 4 months old* 10 50% 
Poultry 10 50% 
All other animals 5 40% 
*Ruminating beef and feedlot cattle as well as ruminating dairy cattle > 4 months old may 
consume DON-contaminated distiller’s grains, brewer’s grains, gluten feeds, and gluten 
meals contaminated up to 30 mg kg-1 DON so long as DON contamination in the complete 
diet does not exceed 10 mg kg-1 for beef and feedlot cattle and 5 mg kg-1 for dairy cattle. 
 
Table 5. Guidance levels for total DON in maize and maize by-products intended for animal 
consumption and maximum contamination in complementary and complete feedingstuffs 
(EC) [104]. 
Feed material: mg kg-1 DON 
-Maize 8 
-Maize by-products 12 
Complementary and complete feedingstuffs with the exception of: 5 
-Complementary and complete feedingstuffs for  pigs 0.9 
-Complementary and complete feedingstuffs intended for calves 
(<4 months), lambs and kids 2 
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Table 6. Guidance levels for total ZEA in maize and maize by-products intended for animal 
consumption and maximum contamination in complementary and complete feedingstuffs 
(EC) [104]. 
Feed material: mg kg-1 (ZEA) 
-Maize 2 
-Maize by-products 3 
Complementary and complete feedingstuffs for:  
-piglets and gilts (young sows) 0.1 
-sows and fattening pigs 0.25 
-calves, dairy cattle, sheep (including lamb) and goats (including kids) 0.5 
 
Table 7. Commercially available insect-resistance transgenes in maize hybrids and 
corresponding Bt events targeting above-ground Lepidopteran pests  [106].  Insects are 
abbreviated as follows: European corn borer (ECB), Asian corn borer (ACB), sugarcane 
borer (SB), Southwestern corn borer (SWCB), Mediterranean corn borer (MCB), spotted 
stalk/stem borer (SSB), Western bean cutworm (WBC), black cutworm (BC), corn earworm 
(CEW), fall armyworm (FAW), armyworm (AW).   
Bt event Protein(s) expressed Insect protection Developer 
BT11a Cry1Ab ECB, ACB, SB, SWCB, MCB, SSB Syngenta Seeds, Inc. 
MON810a  Cry1Ab ECB, ACB, SB, SWCB, MCB, SSB Monsanto Company 
TC1507 Cry1F ECB, ACB, WBC, SB, SWCB, BC, FAW, MCB, SSB, mild CEW control 
Dow AgroSciences 
LLC and DuPont 
MIR162 Vip3Aa20 CEW, WBC, FAW, AW  Syngenta Seeds, Inc. 
MON89034 Cry1A.105 Cry2Ab2 ECB, ACB, CEW, SB, SWCB, FAW, Monsanto Company 
 
Table 8.  Survey studies of fumonisins in Bt and non-Bt maize.  Values are means ± SE (ug 
kg-1), unless otherwise noted.   
Maize type Fumonisins n Ref. 
Bt 395 ± 121 10  [83] 
Non-Bt 729 ± 429 6  [83] 
Bt 405 ± 120 9  [82] 
Non-Bt 673 ± 179 49  [82] 
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Figure 1.  Maize FB1 contamination versus insect feeding severity (from Munkvold et 
al., 1999) (top); and correlation coefficients for fumonisin contamination in grain 
versus insect feeding severity for multiple years, Iowa locations (bottom) (Munkvold, 
unpublished data). 
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Figure 2.  Adoption of maize varieties expressing genetically engineered traits in the United 
States, 2000-2013 (as a percentage of all maize planted) [59].  These traits include insect 
resistance (Bt), herbicide tolerance, or stacked gene varieties, which include hybrids 
expressing multiple Bt traits or hybrids expressing single or multiple Bt traits in conjunction 
with herbicide-tolerance traits. 
 a these are the only Bt hybrids available commercially in the EU 
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Figure 3.  Relationship between insect feeding injury and fumonisin reductions in Bt vs. non-
Bt maize in Iowa, 1995-2002.  Fumonisin reductions were calculated as100 × (Fnbt – Fbt)/Fnbt, 
where Fnbt = mean fumonisin level in a non-Bt hybrid and Fbt = mean fumonisin levels in the 
corresponding near-isogenic Bt hybrid. Each data point represents a unique hybrid 
comparison.  The X-axis represents the severity of insect injury incurred in the non-Bt 
hybrid.  
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VIP3AA AND CRY1AB PROTEINS IN MAIZE REDUCE FUSARIUM EAR ROT AND 
FUMONISINS BY DETERRING KERNEL INJURY FROM MULTIPLE 
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Abstract 
Field trials were conducted in 2008, 2009 and 2011 to assess fumonisin 
contamination in transgenic (Bt) and non-Bt maize hybrids infested with European corn 
borer, corn earworm, and Western bean cutworm.  Comparisons were made among maize 
hybrids expressing two transgenic insect resistance proteins (Cry1Ab x Vip3Aa), a single 
resistance protein (Cry1Ab), or no insect resistance.  The field design was a randomised 
complete block design with four replicates of each hybrid x insect combination. Kernel 
injury, Fusarium ear rot, and fumonisins (FB1+FB2+FB3) in maize grain were measured.  
These measurements differed significantly among years of the study.  In all years, significant 
positive correlations were present between insect injury and Fusarium ear rot, insect injury 
and grain fumonisin levels, and Fusarium ear rot and grain fumonisin levels.  Under all insect 
infestation treatments, Cry1Ab x Vip3Aa hybrids were the most resistant of the hybrids with 
regard to any of the grain quality measurements.  Averaged over all insect infestations and 
years, insect injury, Fusarium ear rot, and grain fumonisin levels were all low in Cry1Ab x 
Vip3Aa  (0.1% and 2.2% of total kernels, and 0.56 mg/kg, respectively).  The highest 
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average levels of insect injury, Fusarium ear rot, and grain fumonisin contamination (3.3% 
and 7.2% of total kernels, and 5.47 mg/kg, respectively) were found in the non-Bt hybrids.  
The presence of transgenic insect protection (Cry1Ab x Vip3Aa or Cry1Ab) resulted in 
significant reductions in all grain quality measurements as compared with the non-Bt hybrids.  
Only grain obtained from Cry1Ab x Vip3Aa hybrids consistently had acceptable fumonisin 
content according to both U.S. guidance levels and E.U. regulatory limits.  These results 
indicate that Cry1Ab x Vip3Aa maize hybrids are more likely to yield high quality, low-
fumonisin grain compared to hybrids expressing only Cry1Ab or lacking insect resistance. 
Introduction 
Fungi in the genus Fusarium are worldwide contaminants of maize.  Infection occurs 
in all parts of the plant, via direct penetration, entry through wounds, seed transmission, and 
systemic pathways.  Fusarium ear rot is a notable disease in maize caused primarily by F. 
verticillioides (Sacc.) Nirenberg (syn. F. moniliforme J. Sheldon), F. subglutinans (Wollenw. 
& Reinking) Nelson, Toussoun, and Marasas, and F. proliferatum (Matsushima) Nirenberg.  
Detrimental impacts on plant health result in economic losses from reductions in yield and 
grain quality, while the production of mycotoxins, primarily fumonisins, in infected kernels 
produces negative health effects in both humans and animals upon consumption (Logrieco et 
al., 2002; Wu, 2007). 
The fumonisins are produced primarily by F. verticillioides and F. proliferatum.  First 
isolated and characterised in Africa in 1988 (Bezuidenhout et al., 1988; Gelderblom et al., 
1988), they have since been shown to contaminate maize worldwide (Munkvold, 1997).  
Fumonisin B1, B2, and B3 (denoted FB1, FB2, and FB3, respectively) account for the majority 
of total fumonisins found in contaminated grain.  Dietary exposure to fumonisins has resulted 
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in adverse health effects in animals including equine leukoaencephalomalacia, porcine 
pulmonary oedema, kidney and liver toxicity in lamb (Edrington et al., 1995), and acute liver 
toxicity and hepatocarcinogenic effects in rats.  Epidemiological data from regions in China 
and South Africa link fumonisin consumption with esophageal cancer in humans and more 
recent data obtained along the Texas-Mexico border associate maternal fumonisin exposure 
with neural tube defects in their offspring (Wild and Gong, 2010).  The International Agency 
for Research on Cancer (IARC) classifies FB1 as a group 2B carcinogen, possibly 
carcinogenic to humans.  The United States Food and Drug Administration has set guidance 
levels for total fumonisin content in foods intended for human consumption at 2-4 ppm 
(depending on the product) (FDA, 2000) while the European Union has adopted more 
conservative regulatory limits of 0.2-1 ppm for products of the same nature (EC, 2007).   
While low levels of fumonisins can occur even in healthy-looking maize kernels, high 
levels of fumonisin contamination are associated with ear rot symptoms; physically injured 
kernels have been observed to have a greater incidence of ear rot symptoms and fumonisin 
contamination than uninjured kernels (Munkvold et al., 1999; Parsons and Munkvold, 2010, 
2012; Wilson et al., 1990).  In particular, kernel injury caused by insects increases the 
propensity for fungal infection and subsequent mycotoxin contamination.  The associations 
between insects and mycotoxigenic Fusarium species have been known for decades 
(Christensen and Schneider, 1950; Dowd, 1998; Jarvis et al., 1984; Koehler, 1959; Smeltzer, 
1959; Sobek and Munkvold, 1999). Although insects belonging to several different orders 
can enhance infection and mycotoxin contamination, those in the order Lepidoptera are the 
most important contributors to these problems in maize (Dowd, 1998).  As a result, insect 
management is a key strategy for reducing fumonisin risk in maize (Munkvold, 2003). The 
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primary tactics available for insect management in maize are the use of insecticides and the 
use of transgenes that code for the expression of insecticidal proteins in plant tissues.  
Previous data have shown that several Lepidopteran insects are suppressed by 
expression of insecticidal proteins in transgenic maize hybrids.  These hybrids (Bt hybrids) 
first became commercially available in the United States in 1996 (Shelton et al., 2002).  Bt 
hybrids express one or more genes derived from the bacterium Bacillus thuringiensis (Bt) 
that code for expression of crystalline proteins that are lethal to many Lepidopteran insects.  
As a result, Bt hybrids are highly resistant to feeding injury from their target insects.  Table 1 
lists commercially available Bt events which, when expressed in maize, produce proteins that 
confer resistance to target Lepidopteran insect pests.  Maize hybrids are available which 
express only single insect-resistance genes; others express combinations of Bt genes, 
rootworm-resistance genes, and herbicide-tolerance genes in a single hybrid.   
Bt hybrids expressing the Cry1Ab protein have been effective in reducing injury from 
European corn borer (Ostrinia nubilalis Hübner) feeding (Catangui and Berg, 2006; 
Clements et al., 2003; Dowd, 2000), but Cry1Ab is not highly effective against other 
common Lepidopteran maize pests, such as corn earworm (Helicoverpa zea Boddie) and  
Western bean cutworm (Striacosta albicosta Smith).  Hybrids expressing the Cry1F protein 
protect against both European corn borer and Western bean cutworm (Catangui and Berg, 
2006; Eichenseer et al., 2008) but have been ineffective in controlling corn earworm 
(Clements et al., 2003).  Corn earworm and Western bean cutworm have historically been 
considered secondary maize pests compared to the European corn borer, but they have 
recently increased in importance.  Since its adoption in the United States, Bt maize has 
effectively reduced overall European corn borer populations (Hutchison et al., 2010). 
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Subsequently, less-predominant Lepidopteran pests, e.g. corn earworm and Western bean 
cutworm, have increased in prevalence or range, likely due to a variety of factors (Catangui 
and Berg, 2006; Clements et al., 2003; Hutchison et al., 2011).  This shift in pest emphasis 
presents a need for increased planting of maize hybrids possessing multiple transgenes for 
protection against a suite of Lepidopteran pests, including the three discussed in this work. 
Like the cry genes, vip3Aa is also derived from Bacillus thuringiensis.  Currently this 
gene is combined with various cry genes in maize hybrids to increase the spectrum of activity 
against Lepidopteran pests (Schnepf et al., 1998).  Maize hybrids expressing Vip3Aa 
insecticidal protein in combination with Cry insecticidal proteins target Lepidopteran insects 
including corn earworm and Western bean cutworm, which can cause injury to hybrids 
expressing Cry1Ab alone.   
It is now well established that Bt hybrids have a reduced risk for fumonisin 
contamination compared with hybrids lacking transgenic insect resistance, when exposed to 
European corn borer infestation (Hammond et al., 2004; Munkvold, 2003; Ostry et al., 2010; 
Wu, 2006).  Reduced feeding injury reduces the risk of ear rot and fumonisin contamination 
in grain (Folcher et al., 2010; Munkvold et al., 1999).  This relationship has been well 
documented in relation to Cry1Ab and O. nubilalis, but the capacity of Vip3Aa to reduce 
fumonisins through transgenic control of other Lepidopteran insects has not been studied. In 
order to optimise management of fumonisin contamination in maize, it is important to 
understand how insecticidal proteins with different activity spectra will affect kernel injury 
leading to fumonisin contamination. In this study we examined the efficacy of a maize hybrid 
expressing Vip3Aa and Cry1Ab for the control of mixed infestations of Lepidopteran insects, 
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and measured the consequent levels of Fusarium infection and fumonisin occurrence in 
harvested grain, compared with a Cry1Ab-only isoline and a non-Bt isoline.  
Materials and Methods 
Field trials were conducted in 2008 and 2009 in Boone Co., IA to compare Fusarium 
fungal infection and fumonisin contamination as a result of Lepidopteran insect feeding in 
maize hybrids with or without transgenes for insect resistance.  Two hybrids were genetically 
engineered to express Bt genes (Cry1Ab or Cry1Ab x Vip3Aa) while the third was a near-
isogenic, non-Bt maize hybrid.  In 2011, the experiment was performed in Story Co., IA with 
the same hybrids used in 2008 and 2009, plus additional set of three near isoline hybrids with 
the same Bt and non-Bt configurations.   The experiments were organised as randomised 
complete block designs with four replicate blocks of each combination of hybrid and insect 
treatment.  Plots were 5.3 x 2.5 m containing four rows with approximately 36 plants per 
row.  Only the middle two rows of each plot were treated and used for analysis.   
In 2008 the experiment was planted on June 18 and it included three insect 
treatments-European corn borer (ECB), corn earworm (CEW), and natural infestation.  ECB 
infestation was administered on August 21 and again on August 25 using a volumetric 
dispenser.  Briefly, neonatal ECB larvae were mixed with maize cob grits and dispensed at 
three sites around the primary ear (on the ear, one collar above, and one collar below) at a 
density of approximately 50 larvae per site per day (Guthrie and Barry, 1987).  CEW 
infestations were administered on August 25 and 29 using a volumetric dispenser dropping 
approximately 20 neonatal larvae per day on the primary ear.  No insects were administered 
on the naturally infested plots. 
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In 2009, the experiment was planted on June 4 and included four insect infestation 
treatments: ECB, CEW, Western bean cutworm (WBC), and natural infestation.  Plots were 
infested with ECB on August 7 and again on August 10 using a volumetric dispenser 
dropping approximately 120 neonatal larvae per plant (dispensed at the primary ear and at the 
leaf above the ear) (Guthrie and Barry, 1987).  CEW infestation was on August 12 using a 
volumetric dispenser dropping approximately 20 neonatal larvae per plant on the silks of the 
primary ear (Clements et al., 2003).  WBC infestation was administered on July 29 using egg 
masses.  Briefly, individual egg masses were collected by excising leaf sections from 
naturally infested plants.  Leaf sections were stapled to fiberglass screen sections and 
transported to the field experiments.  One egg mass was then stapled to the plant leaf at the 
base of the primary ear. 
In 2011, the experiment was planted on May 16 and included four insect infestation 
treatments.  WBC egg masses were collected from the field and incubated at 80°F in a closed 
container with moist cloths.  Upon hatching, the larvae were transferred to a 60°F incubator 
until infestation.  On July 25 and 26, WBC infestation was performed by applying 5 larvae 
onto the silks of the primary ear of 16 plants using a paint brush.  On July 26, ECB 
infestation was performed using a volumetric dispenser dropping approximately 50 neonatal 
larvae per plant at the base of the primary ear.  CEW eggs attached to cheesecloth arrived on 
August 4 and were hatched out in an incubator.  On August 9, corn was infested with hatched 
CEW larvae.  There were not enough larvae to infest all plots, so additional eggs were 
ordered.  They arrived on August 10, were incubated and hatched, and the infestation was 
completed on August 12.  Hatching conditions and infestation procedure for CEW was the 
same as for WBC this year. 
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In all experiments, ten primary ears from the treated rows of each plot were harvested 
by hand.  In 2008, ears were harvested November 13 and dried to below 12% moisture at 
120°F.  Ears were then scored visually for Fusarium fungal infection and insect injury to 
kernels.  Data were recorded as the percentage of kernels per ear displaying symptoms.  In 
2009, ears were harvested on November 10 and were scored prior to drying (on December 
12) to below 12% moisture.  In 2011, ears were harvested on October 24 and scored prior to 
drying (on October 28) to below 12% moisture.  Post-harvest, ears were stored in a cold 
room (4°C) until drying to inhibit further fungal spread.  In all experiments, ears were shelled 
after drying using a hand-crank sheller.  Kernels from the ten harvested ears per plot were 
combined and ground using a Romer mill (Romer Laboratories Inc., Union, MO).    
Total fumonisin concentration (FB1 + FB2 +FB3) in a 10g subsample of ground maize 
was determined for each plot using AgraQuant Total Fumonisin Assay (Romer Laboratories 
Inc., Union, MO).  This assay is a direct-competitive enzyme-linked immunosorbent assay 
(ELISA) capable of quantifying fumonisins in solution at concentrations between 0.25 and 5 
mg/kg.  For samples containing fumonisin levels in excess of 5 mg/kg, additional dilution 
was performed on the sample extract to bring it within range of the ELISA test.     
Analysis of variance using the PROC MIXED procedure in SAS Version 9.2 software 
(SAS Institute Inc., Cary, NC, USA) was utilised to evaluate insect feeding injury, severity of 
Fusarium ear rot symptoms, and total fumonisin concentration (FB1+FB2+FB3) in grain. 
Factorial analysis was used to examine simple effects of year, maize hybrid, insect treatment, 
and hybrid x treatment interactions.  Where interactions were present, multiple comparison 
analysis was performed using a Bonferroni adjustment. Data were analysed for the two years 
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combined, but treatment effects differed between years, so each year also was analysed 
separately.  
Results 
Between all years of the study, there were significant differences in insect injury 
(F2,237=39.78, P<0.0001), visible Fusarium symptoms on grain (F2,237=76.17, P<0.0001), and 
grain fumonisin contamination (F2,237=8.20, P=0.0004).  There was a strong correlation 
between the percentage of insect-injured kernels and the percentage of kernels with 
symptoms of Fusarium infection in 2008 and 2011 (R=0.91 and R=0.80, respectively) that 
was weaker in 2009 (R=0.51) but still highly significant (P<0.0001).  Also highly significant 
in 2008, 2009, and 2011 (P<0.0001 for all) were the correlations between the percentage of 
insect-damaged kernels and ground grain fumonisin levels (R=0.59, R=0.57 and R=0.43, 
respectively) and the correlation between the percentage of symptomatic kernels and ground 
grain fumonisin levels (R=0.53, R=0.50 and R=0.53, respectively). 
Hybrid and insect treatment, their interaction, and the presence of Bt genes were all 
significant determinants for the severity of insect injury, and the effects varied among years 
of the study.  Levels of injury found in the Cry1Ab x Vip3Aa hybrid were very low (0.1% 
mean over all years and insect infestation treatments) while the non-Bt hybrid had the highest 
overall kernel injury with a 3-year average of 3.3% total kernels (Figure 1).  Maize hybrids 
differed significantly in the extent of kernel injury in all years, and insect infestation 
treatment was a significant determinant in 2008 and 2011, but not in 2009 (Table 2) In 2009, 
the highest levels of injury, at a mean of 4.7% ± 1.1% of total kernels, were obtained from 
non-Bt plots that were naturally infested.  In 2008, non-Bt plots infested with CEW displayed 
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the highest level of injury at a mean 5.2% ± 1.1% of kernels and in 2011 non-Bt plots 
infested with ECB displayed the highest level of injury at a mean 4.3% ± 2.0% of kernels. 
Maize hybrid was a significant factor for severity of ear rot symptoms.  Over all 
years, non-Bt maize plots suffered significantly higher levels of Fusarium ear rot than 
Cry1Ab which, in turn, suffered significantly higher levels than Cry1Ab x Vip3Aa 
(P<0.0001 for all comparisons) at 7.2% ± 5.4%, 4.5% ±4.2%, and 2.2% ± 2.7% of total 
kernels per ear, respectively.  In separate analyses by year, the natural insect infestation 
treatment had significantly greater Fusarium ear rot severity than the ECB treatment 
(P=0.0002) in 2008 and the CEW treatment (P=0.0332) in 2009. Three-year combined 
analysis also revealed that the degree of ear rot was subject to an interaction effect between 
hybrid and insect infestation treatment (F6,237=2.36, P=0.0311).  This interaction effect was 
present in 2009 (P=0.0274, F6,81=2.52) and 2011 (P=0.0056, F6,77=3.34) as a result of the 
differences among treatments within the non-Bt hybrid. 
Grain fumonisin concentrations were significantly affected by maize hybrid and 
hybrid x infestation interactions (Table 3); however, these effects varied among years of the 
study.  In 2008 insect infestation treatment significantly affected fumonisin concentrations, 
but in 2009, differences in fumonisin concentration were significant only among insect 
infestations within the non-Bt hybrid (P=0.0019).  In 2011, insect infestation treatment was 
not a significant determinant for grain fumonisin contamination.  In 2008, CEW treatment in 
the non-Bt hybrid resulted in significantly higher levels of fumonisins compared with ECB 
(P=0.0083) or naturally (P<0.0001) infested plots.  Combined data show that within this 
hybrid, CEW had the highest average fumonisin concentration at 7.51 ±7.55 mg/kg followed 
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by ECB with 6.75 ± 5.66 mg/kg, natural with 4.23 ± 4.48 mg/kg, and WBC with 2.37 ± 1.33 
mg/kg (Figure 3). 
Levels of insect damage and fumonisin contamination were very low in Cry1Ab x 
Vip3Aa in all years under any insect infestation treatment.  In 2008, Fusarium ear rot was 
negligible in this hybrid, but in 2009 it was estimated at 4.34 ± 3.2% of total kernels per ear 
(P<0.0001) and in 2011 it was estimated at 1.21 ± 1.28% of kernels per ear (P=0.0005) 
which, in both years, was the lowest mean among the hybrids.  Cry1Ab and the non-Bt 
hybrid both suffered significant levels of insect damage, Fusarium ear rot, and fumonisin 
contamination in both 2008 and 2009 (P≤0.0001) with the exception of ECB-treated Cry1Ab 
in 2008, which was not significant.  In 2011, the non-Bt hybrids had significantly higher 
values for insect injury, ear rot, and fumonisins when compared to both the Cry1Ab and 
Cry1Ab x Vip3Aa hybrids, but there was no significant difference between Cry1Ab and 
Cry1Ab x Vip3Aa hybrids in insect damage, ear rot, or fumonisins.  Combined-years 
analysis revealed that under each insect infestation treatment, Cry1Ab x Vip3Aa suffered 
significantly less kernel injury than Cry1Ab (P=0.0004 for CEW, P=0.0034 for ECB, 
P=0.0038 for natural, P=0.0164 for WBC) or the non-Bt hybrid (P<0.0001 for all treatments) 
exposed to the same insect treatment.  It also displayed significantly less Fusarium infection 
(P<0.0001 for ECB and natural, P=0.0002 for CEW) and grain fumonisin contamination 
(P<0.0001 for CEW and ECB, P=0.0331 for natural) than the non-Bt hybrid under all insect 
infestation treatments, with the exception of WBC infestation treatment.  
Analysis of hybrids expressing some form(s) of Bt protection alongside the near-
isogenic, non-Bt maize hybrid showed that the two hybrids with Bt displayed an average of 
0.9 ± 1.2% insect-damaged kernels, 3.3 ± 3.7% Fusarium ear rot severity, and 1.32 ± 2.2 ppm 
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total fumonisins in grain versus levels in the non-Bt hybrid of 3.3 ± 1.9%, 7.2 ± 5.4%, and 
5.47 ± 5.6 ppm, respectively.  All of these differences were highly significant (P<0.0001 for 
all, F1,237=209.88, 65.38, and 43.23, respectively). 
Discussion   
Bt maize was originally developed to target the ECB, the most widespread above-
ground pest of maize.  More recently, additional Bacillus thuringiensis genes have been 
incorporated into maize to target a wider range of Lepidopteran pests such as CEW and 
WBC.  The combination of transgenes used in the Cry1Ab x Vip3Aa hybrid significantly 
reduced the amount of insect feeding damage incurred by maize.  This effect was significant 
for maize plants subjected to natural infestations (which included two or all three insects) and 
for plants manually infested with larvae of any of these insects.  Since kernel damage renders 
maize increasingly prone to infection by fumonisin-producing fungi, Bt genes effectively 
prevented Fusarium ear rot.  By reducing the levels of Fusarium ear rot, Bt traits (particularly 
Cry1Ab x Vip3Aa) in this study also prevented high levels of contamination with 
fumonisins.  This is consistent with previous studies showing that Bt hybrids typically have 
lower levels of fumonisin contamination than hybrids lacking transgenic insect protection 
(Folcher et al., 2010; Hammond et al., 2004; Munkvold et al., 1999; Ostry et al., 2010). 
Nearly all of these studies were conducted with Cry1Ab hybrids in maize-growing areas 
where ECB was the primary Lepidopteran pest. The magnitude of reduction in fumonisins 
through the use of Bt maize has been less dramatic (or not significant) in other studies 
conducted with Cry1Ab hybrids infested with other Lepidopteran pests (Catangui and Berg, 
2006; Clements et al., 2003). In the southern USA, fumonisin reductions with Cry1Ab 
hybrids also have been less dramatic (Bruns and Abbas, 2006), possibly due to the presence 
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of multiple Lepidopteran pests, and climatic conditions more conducive to fumonisin 
development.   
Manual insect infestations often are used to ensure symptomatic kernels and to reduce 
plant-to-plant variability in infestations.  However, in this study, insect infestation treatments 
did not consistently alter the levels of insect damage or other variables. Survival of manually 
infested insects can be extremely variable and weather-dependent.  Manually applied insects 
also must compete with naturally occurring insects.  We did not attempt to measure survival 
of manually applied insects, but the results suggest that their survival was low. We also did 
not observe a consistent effect of WBC infestation on Fusarium ear rot and fumonisins in this 
study, in contrast to previous work (Munkvold et al., 2008).  This difference again could be 
related to larval survival; in the previous study, plants were manually infested with 3rd-instar 
larvae, while in the current study, egg masses or neonatal larvae were used. In some 
treatments in this study, manual insect infestation affected fumonisin levels even in the 
absence of an effect on kernel damage or Fusarium ear rot. This is probably a result of the 
timing of insect damage in the manual treatments vs. the natural treatment. Even if overall 
damage was not increased, larvae were present at the early maize reproductive stages in the 
manual treatments, maximising the duration of Fusarium spp. kernel colonisation and 
fumonisin accumulation.  
The difference in overall measurements of grain health among years of the study is 
indicative of the differential success of insect infestations.  In 2009 there were no significant 
differences among insect treatments and plant injury.  This may be a result of mortality in 
manual insect infestation treatments.  There were significant interaction effects within the 
non-Bt hybrid in 2009; the natural insect infestation treatment was significantly more 
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damaged than the CEW or ECB treatments (P=0.0069 and P= 0.0017, respectively) but it did 
not differ significantly from WBC treated plots.  High levels of insect kernel injury recorded 
from naturally infested plots in 2009 indicate that active populations of naturally occurring 
insects were present and in the field.  It is likely that this played a role in the increased ear rot 
severity compared with levels found in any of the manual infestations performed.  In 2008 
and 2011 manual insect infestations appeared to be more successful; in 2008, CEW-treated 
plots displayed an average 0.67% greater damage than ECB-treated plots (P=0.0073), 
although there was no significant difference between the natural insect infestation treatment 
and either CEW or ECB treatments.  In 2011, ECB treatment significantly increased damage 
as compared with any other insect treatment (P<0.05 for all), with a mean of 4.33 ± 1.96% 
and maximum of 7.73% of kernels found in the non-Bt hybrid.  Additionally, in 2009 there 
were a higher percentage of kernels showing superficial colonisation by Fusarium spp. (as 
opposed to dense mycelial colonisation). Because kernels were considered symptomatic 
whether they displayed superficial or severe colonisation, this likely influenced the poorer 
correlations among insect damage, Fusarium ear rot, and fumonisins in 2009. This outcome 
may also explain the relatively low correlations between insect damage and fumonisins in 
this study compared to previous studies.  
In previous work (Munkvold, 2003) we have observed stronger correlations between 
insect injury and fumonisins than those found in this study, and this may be a result of the 
diverse feeding patterns among the insects studied (Parsons and Munkvold, 2010).  WBC and 
CEW larvae tended to localise their feeding at the tip of the ear, with near to complete 
destruction of kernels, resulting in the physical absence of damaged kernels. ECB larvae 
were more likely to move throughout the ear, inducing less severe damage to many kernels 
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during feeding.  In this study, kernels that were completely destroyed were counted as injured 
due to feeding and the correlation between insect injury and fumonisins is likely to be 
negatively influenced by the physical absence of these kernels in the harvested grain.   
There were significant differences in insect injury, Fusarium ear rot, and fumonisin 
levels among all maize hybrids in this study, including between the two Bt hybrids.  Subject 
to the mixed population of insect pests in the natural and manual infestation treatments, only 
the Cry1AbxVip3Aa hybrid remained essentially free of insect feeding and subsequent 
Fusarium ear rot symptoms.  Its ability to suppress injury from all three insect species was 
significantly greater than that of Cry1Ab alone.  The Cry1Ab x Vip3Aa hybrid also had the 
lowest fumonisin concentration regardless of insect treatment.  Fumonisin contamination in 
grain obtained from this hybrid was consistently within acceptable limits of both the U.S. 
FDA guidance levels and E.U. regulations for maize intended for human consumption.  The 
non-Bt and Cry1Ab hybrids exceeded these limits under all insect infestation treatments, with 
the exception of ECB-treated Cry1Ab, which fell within the U.S. FDA guidance levels 
averaging 1.52 ppm total fumonisins.  
As was noted earlier, Hutchison, et. al (2010) surmised that the widespread adoption 
of  Bt maize has effectively reduced overall ECB populations, a pest targeted by all 
commercially available Bt maize hybrids.  It is not clear whether this phenomenon has 
contributed to the increased prevalence of other Lepidopteran pests, but it is apparent that 
gene combinations with a broad spectrum of Lepidopteran insect control are currently 
needed.  As utilisation of maize hybrids with multiple insect management transgenes 
becomes more widespread, the consistent reductions in fumonisins (which have been 
observed in the primary maize-producing areas of North America) may extend to additional 
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geographies where ECB has not been the primary Lepidopteran pest. It also would be 
possible to anticipate reductions in populations of additional target insect pests such as CEW 
and WBC.   The decreased populations of insects resulting from widespread use of hybrids 
expressing multiple Bt genes may also reduce the number of larvae present in maize that 
could act as fungal vectors.  Taken together, these outcomes have the potential to ensure 
quality grain from these hybrids, with low incidence of visible Fusarium ear rot, as well as 
reduced incidence of symptomless infected kernels (Munkvold et al., 1997) and lower 
concentrations of fumonisins. 
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Tables and Figures 
Table 1.  Commercially available insect-resistance transgenes in maize hybrids and 
corresponding Bt events targeting Lepidopteran pests (EPA, 2011).  Insects are abbreviated 
as follows: European corn borer (ECB), black cutworm (BCW), corn earworm (CEW), fall 
armyworm (FAW), Western bean cutworm (WBC), Southwestern corn borer (SWCB), 
armyworm (AW). 
Bt event Protein(s) expressed Insect protection Developer 
BT11 Cry1Ab ECB Syngenta Seeds, Inc. 
 MON810  Cry1Ab ECB Monsanto Company 
TC1507 Cry1F BCW, ECB, FAW, SWCB, mild CEW control 
Dow AgroSciences 
LLC and DuPont 
MIR162 Vip3Aa20 BCW, FAW, CEW, WBC, AW, BCW Syngenta Seeds, Inc. 
MON89034 Cry1A.105 Cry2Ab2 CEW, ECB, FAW, SWCB Monsanto Company 
 
Table 2.  P and F values for the effects of year, hybrid, and insect infestation on kernel injury, 
prevalence of Fusarium ear rot, and grain fumonisin concentration.  Rows not labeled with a 
year are combined results of 2008, 2009 and 2011.  Degrees of freedom for the F statistic are 
listed as numerator, denominator. 
Effect 
 DF 
Kernel injury Fusarium ear rot Fumonisin concentration 
P value F value P value F value P value F value 
Year 2, 237 <0.0001 39.78 <0.0001 76.17 0.0004 8.20 
Hybrid 2, 237 <0.0001 142.41 <0.0001 43.91 <0.0001 38.09 
2008  2, 60 <0.0001 185.76 <0.0001 113.35 <0.0001 26.70 
2009  2, 81 <0.0001 92.32 <0.0001 16.69 <0.0001 25.22 
2011 2, 77 <0.0001 56.99 <0.0001 12.58 0.0005 8.40 
Infestation 3, 237 ns 0.02 ns 0.31 ns 1.85 
2008  2, 60 0.0238 3.98 0.0014 7.37 0.0002 9.73 
2009  3, 81 ns 2.48 ns 1.28 ns 1.59 
2011 3, 77 <0.0001 9.32 ns 1.29 ns 0.68 
Hybrid x 
infestation 
6, 237 ns 1.54 0.0311 2.36 0.0095 2.90 
2008  4, 60 ns 1.18 0.0021 4.75 0.0014 5.06 
2009  6, 81 0.0052 3.36 0.0274 2.52 0.0074 3.19 
2011 6, 77 <0.0001 11.78 0.0056 3.34 ns 1.33 
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Table 3.  Mean concentration of total fumonisins (mg/kg) by hybrid and infestation averaged 
over the three years of the study.  Within rows, the same letter indicates no significant 
difference (P<0.05). 
 
 
 
 
 
Figure 1.  Maize kernel damage (% kernels per ear) (+/- SD) resulting from insect feeding.  
Damage was measured post-harvest after manual infestation with neonatal larvae of selected 
Lepidopteran insects.  A. 2008 results, B. 2009 results, C. 2011 results 
 
 
 Non-Bt Cry1Ab Cry1Ab x 
Vip3Aa 
Treatment 
Mean 
Mean SD Mean SD Mean SD Mean SD 
Natural 4.23a   4.48 2.20ab 2.63 0.61b 1.72 2.35 3.49 
ECB 6.75a  5.66 1.52b  1.12 0.57b 0.94 2.95 4.33 
CEW 7.51a  7.55 2.55b  3.79 0.61b 0.90 3.55 5.70 
WBC 2.37  1.33 2.08  2.43 0.39 0.68 1.61 1.86 
Hybrid Mean 5.47a  5.82 2.09b  2.72 0.56c 1.16   
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Figure 1 continued 
 
 
Figure 2.  Fusarium ear rot severity (% kernels per ear displaying symptoms) (+/- SD) was 
measured post-harvest by visual inspection of maize ears.  A. 2008 results, B. 2009 results, 
C. 2011 results 
 
 
 
 
 
 
 
 
 
 
 
 
63 
 
Figure 2 continued 
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Figure 3.  Total fumonisin concentration (FB1+FB2+FB3 in mg/kg) in ground maize as 
determined by ELISA.  A. 2008 results, B. 2009 results, C. 2011 results 
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Figure 3 continued 
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Abstract 
Previous studies have established that fumonisin mycotoxins can be reduced in maize 
grain by protection against European corn borer (ECB) injury provided by expressing 
insecticidal proteins in transgenic hybrids.  However, the influence of Western bean cutworm 
(WBC) protection on fumonisin levels in maize grain is not completely known.  In field trials 
(2007 to 2010), insect injury, Fusarium ear rot severity and grain fumonisin contamination 
were compared among Bt maize hybrids with transgenic protection against ECB (Cry1Ab 
and Cry1F) and WBC (Cry1F) and non-Bt hybrids.  HPLC and ELISA were used to measure 
fumonisin levels.  Results of the two methods were highly correlated, though ELISA 
measurements tended to over-estimate fumonisin content relative to HPLC determinations.  
Significant, positive correlations were found among all three measured variables.  Hybrids 
expressing Bt insecticidal proteins experienced less insect injury, Fusarium ear rot, and 
fumonisin contamination compared to non-Bt hybrids.  Averaged over years, Cry1Ab, 
Cry1F, and non-Bt hybrids suffered 3.53, 1.60, and 4.47% injured kernels per ear, 6.72, 3.66, 
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7.91% Fusarium ear rot severity, and 0.70, 0.66, and 2.33 mg kg-1 total fumonisins in grain, 
respectively.  Fumonisin reductions were significant for both Bt hybrids infested with ECB in 
2008 and for ECB infested Cry1F in 2009.  WBC infestation significantly increased 
fumonisins compared to natural infestation in non-Bt and Cry1Ab hybrids in five of eight 
possible comparisons; in Cry1F hybrids, WBC had no effect on fumonisins. In 2010, grain 
obtained from WBC infested Cry1F hybrids was significantly less contaminated than WBC 
infested non-Bt or Cry1Ab hybrids.  These results indicate that WBC has the potential to 
cause increased fumonisin levels in maize grain, but protection against WBC with Cry1F 
avoids this risk. Bt hybrids expressing proteins that are active against multiple Lepidopteran 
pests can provide broader, more consistent reductions in the risk of fumonisin contamination. 
Introduction 
Mycotoxigenic fungal species are worldwide contaminants of cereal grains [1].  
Mycotoxins are capable of inducing detrimental health effects in a variety of animals 
including humans.  In the Central United States (as well as in many other parts of the world), 
the most common mycotoxigenic fungi in maize are species of Fusarium and fumonisins are 
the most frequently encountered mycotoxins.  Fumonisins are produced primarily by F. 
verticillioides (Sacc.) Nirenberg and F. proliferatum (Matsushima) Nirenberg and economic 
losses attributable to fumonisin contamination in U.S. maize have been estimated at US$ 1-
20 million under normal conditions and up to US$ 46 million in a Fusarium outbreak 
year [2].  Fumonisins are one of only three mycotoxins (along with aflatoxin and 
deoxynivalenol) for which the United States Food and Drug Administration (FDA) has 
designated action levels, advisory levels or guidance levels for their concentrations in animal 
feed and human food.  This is indicative of the high potential for exposure to these toxins in 
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food and feed and the severity of consequent health impacts.  Current FDA guidance levels 
for fumonisin contents of maize and maize products intended for human food and animal 
feed vary by species (Table 1).  Equids are among the most sensitive species, succumbing to 
leukoencephalomalacia at exposure levels occurring with >5 mg/kg concentrations [3].  
Fumonisin exposure in swine results in reduced weight gain [4] and, in the most severe 
instances, pulmonary edema [5].  Ruminants and poultry are less sensitive to dietary 
fumonisin; relatively high-level exposures are required to induce health impacts [6].   
Fumonisin contamination can be determined in a variety of ways to provide 
qualitative and/or quantitative data.  Liquid chromatography (LC) methods provide 
quantitative results with the advantage of high degrees of sensitivity and specificity, but are 
often labor and time intensive and require costly equipment.  Rapid test kits (including 
ELISA kits and lateral-flow devices) are antibody-based and can be qualitative or 
quantitative.  Relative to HPLC methods, rapid test methods provide results much more 
quickly at a lower cost, although they are typically less specific and their accuracies and 
precisions are limited to a smaller range of concentrations.  Because of their ease of use, 
relatively low cost, and faster results, rapid test kits are often preferred over more time- and 
labor-intensive LC methods.  There are concerns with large-scale deployment of ELISA test 
kits as independent, quantitative methods.  Sydenham et al. [7] found direct competitive 
ELISA (CD-ELISA) to quantify fumonisin levels in naturally contaminated maize 2-3.3 
times higher than HPLC-determined levels, and Sutikno et al. [8] achieved a similar 2.9 
times higher measurement in ELISA quantification.  Indirect competitive ELISA (IC-ELISA) 
achieves similar results with CD-ELISA, obtaining higher results than HPLC for 90.6% of 
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maize samples tested by both methods [9].  Ensuring the reliability of results obtained from 
rapid tests is necessary for appropriate decisions about the end-use of maize grain.   
Insects attacking maize ears can enhance mycotoxin contamination [10, 11] and 
management of these pests can provide both economic and food safety benefits, including 
significant reductions in fumonisin contamination.  Kernel injury resulting from insect 
feeding contributes to fungal contamination of maize kernels.  Additionally, insect larvae can 
initiate or exacerbate fungal infection as they act as vectors transporting fungal spores from 
plant surfaces to healthy or injured kernels [10, 12, 13].  Insect-injured, infected kernels are 
often highly contaminated with fumonisins or other mycotoxins.  Kernel-feeding insects are 
most effectively controlled through the use of transgenic hybrids expressing insecticidal 
proteins (Bt maize) [11] and the use of transgenic insect protection reduces fumonisin levels 
in maize [14].   
Bt maize has been grown in the United States since 1996 and, as of 2012, 67% of all 
maize planted in the United States expressed some form of Bt-derived insect protection [15].  
Bt maize hybrids produce insecticidal proteins derived from the soil bacterium Bacillus 
thuringiensis, which confers resistance to select Lepidopteran insects, but are non-toxic to 
humans and other non-target species.  B. thuringiensis has been recognized to have 
insecticidal properties for over 100 years and has been used as a foliar spray by farmers, 
including organic growers, since the 1930’s.  Bt maize plants have an important advantage 
over foliar insecticides in that they produce insecticidal proteins for targeted insect control in 
desired plant tissues during the entire growing season.  Management with foliar insecticides 
is costly, often requiring multiple applications that must be timed around larval hatching.  
Insects in the class Lepidoptera are common targets of the insecticidal proteins produced by 
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Bt maize as these insects are some of the most significant pests of maize.  Commercial maize 
hybrids that express either Cry1Ab or Cry1F proteins are available in the United States and 
other countries.  Both of these Bt proteins target European corn borer (Ostrinia nubilalis 
(Hübner)) (ECB), the most notable Lepidopteran in maize.   
Prior to the cultivation of Bt maize, annual yield losses attributable to ECB alone 
have been estimated near US$ 1 billion [16].  In addition to ECB control, maize hybrids 
expressing Cry1F are also effective against western bean cutworm (Striacosta albicosta 
(Smith)), southwestern corn borer (Diatraea grandiosella Dyar), fall armyworm (Spodoptera 
frugiperda (J.E. Smith)), and black cutworm (Agrotis ipsilon (Hufnagel)), and mildly 
effective against corn earworm (Helicoverpa zea (Boddie)).  Bt maize has high efficacy 
against ECB feeding, reducing overall ECB populations in areas of high Bt-adoption [17].  
This is a significant benefit to maize growers in the United States, however, maize is still a 
viable food source for insects.  Maize pests which had previously been considered secondary 
to ECB are becoming more significant.  The arrival of WBC in the Midwest United States in 
the early 1990’s has posed a new threat in this maize-intensive region.  Catangui and Berg 
[18] observed that naturally infested fields of Cry1Ab maize experienced higher WBC 
infestation than ECB.  In the laboratory, WBC has increased survival on Cry1Ab maize in 
comparison with its two primary competitors, ECB and CEW [19].  Intraguild competition 
for this food source is currently changing hands with WBC as a potential candidate, but 
WBC performance on various Bt hybrids, especially in the field, has received little attention.  
This lack of knowledge is detrimental to making effective management decisions, including 
hybrid selection, in areas at high risk for WBC infestation.   
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The contribution of Bt maize to reducing insect injury is paramount to managing 
Fusarium infection and fumonisin contamination of grain.  There is a considerable lack of 
data with regard to impacts of WBC infestation on both Fusarium infection of maize and 
fumonisin contamination as well as the ability of various Bt proteins to control this species 
and mitigate these issues.  The objectives of the present study were to examine Bt control of 
WBC and its impacts on insect injury, Fusarium fungal contamination, and fumonisin 
concentrations in maize grain.  Field trials were conducted using Bt hybrids expressing either 
Cry1Ab or Cry1F as well as near-isogenic, non-Bt hybrids.  Insect infestations were 
performed using Lepidopteran species common to the study area and included ECB, Western 
bean cutworm (Striacosta albicosta (Smith)) (WBC), and natural (no insects applied).  
Natural insect infestations provided an indication of maize injury incurred as a result of 
natural insect populations occurring in the field.  Fumonisin results presented in this study 
were obtained by HPLC-fluorescence and ELISA methods and some comparisons between 
results obtained by these two methods are presented to further inform potential users on 
benefits and drawbacks of each.  
 
Materials and Methods 
Field Trials 
Field experiments were conducted in Story County, IA, in 2007 (preliminary), 2008, 
2009, and 2010 to assess the effects of Bt transformation of maize hybrids on fumonisin 
contamination of grain artificially infested with ECB (Ostrinia nubilalis) and WBC 
(Striacosta albicosta).  Six commercial maize hybrids were grown, four hybrids expressed Bt 
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genes which produced insecticidal proteins.  Two hybrids (109 and 113 days maturity) were 
genetically engineered to produce Cry1F insecticidal proteins, two (107 and 111 days 
maturities) produced Cry1Ab insecticidal proteins, and two (108 and 111 days maturities) 
were near-isogenic, non-Bt hybrids not engineered to produce insecticidal proteins.  In all 
experiments, plots were approximately 10 ft. by 20 ft. (3.05 m. by 6.1 m.) and contained four 
rows.  Only the middle two rows of the plot were used for insect infestation treatment and 
grain harvest.  Plots were arranged in a randomized complete block design and the 
experiment included four replications of each combination of maize hybrid and insect 
infestation treatment.   
A preliminary trial was planted on 14 May, 2007, and included ECB, WBC, and 
natural (no insects applied) insect infestation treatments.  ECB infestation was performed on 
19 July using neonatal larvae mixed with maize cob grits.  Approximately 100 neonatal 
larvae per ear were applied with a volumetric dispenser [20], 50 at the base of the primary ear 
(near the collar) and 50 on the silks of the primary ear.  WBC infestations were performed on 
18 and 23 July, by applying (with a small painters’ brush) three 2nd or 3rd - instar larvae to the 
silks of each primary ear. Ten ears per plot were infested and labeled; these ears were hand-
harvested on 19 October and visually assessed for insect injury and Fusarium ear rot severity 
(numbers of symptomatic kernels per ear were counted and converted to a percentage value 
based on estimated total kernels per ear). Ears were stored in a 4°C cold room until visual 
assessments were completed, then ears were dried at 100°F (37.8°C) until they reached ≤15% 
moisture content.   
In 2008, the experiment was planted on 14 May and included ECB and natural insect 
infestation treatments.  ECB infestations were performed on 30 and 31 July by using a 
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volumetric dispenser containing neonatal larvae mixed with maize cob grits.  All plants in the 
infestation rows of ECB plots were infested with approximately 50 neonatal larvae per day.  
On 30 July they were dispensed onto the silks of the primary ear and on July 31 onto the silks 
of the second-highest ear on the plant.  If there was only one ear on the plant, it was infested 
again.   
In 2009, the experiment was planted on 8 May and included ECB, WBC, and natural 
insect infestation treatments.  ECB infestation was initially performed on 30 and 31 July and 
again on 6 August by using neonatal larvae mixed with maize cob grits.  Approximately 100 
neonatal larvae per ear were applied, 50 at the base of the primary ear (near the collar) and 50 
on the silks of the primary ear.  All plants in the middle two rows of the assigned plots were 
infested.  WBC infestation was performed on 28 July.  Egg masses on maize leaf tissue were 
collected from naturally infested fields and were fixed to a section of plastic screen which 
was attached at the base of the primary ear of 20 plants per plot (10 consecutive ears in each 
of the treatment rows in the plot).   
In 2010, the experiment was planted on 21 April and included insect infestation 
treatments identical to 2009.  ECB infestations were performed on 14 July and again on 16 
July using neonatal larvae in maize cob grits.  Approximately 100 neonatal larvae (50 per 
day) were applied on the silks of the primary ear of each plant in the infestation rows.  WBC 
egg masses were collected and attached to leaves in the infested treatments on 20 July by 
using the method from 2009. 
 
Sampling 
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In 2008, the experiment was harvested on 28 October, in 2009 on 30 October, and in 
2010 on 5 October.  In all experiments, harvesting entailed collecting ten ears per plot by 
hand from infested plants or, in the case of naturally infested plots, the ears were taken from 
the middle two rows of the plot.  Ears were stored in a cold room (~4°C) until drying to 
inhibit fungal metabolism.  Post-harvest handling included visual assessment of ears for 
insect injury and Fusarium ear rot severity, followed by drying at approximately 100°F 
(37.8°C) to <15% moisture.  In 2008, the maize was shelled prior to drying on 18 November.  
In 2009 and 2010, maize was dried on-the-cob on 10 November and 14 October, 
respectively, followed by shelling.  Shelled kernels from the ten harvested ears per plot were 
combined and ground by using a Romer Labs® mill (Romer Laboratories, Inc., Union, MO, 
USA). 
Mycotoxin Analyses 
Enzyme-linked immunosorbent assay (ELISA) 
Fumonisin was analyzed in 2007 by using a proprietary quantitative ELISA method 
for detecting FB1 only.  The ELISA method was conducted by the Pioneer Hi-Bred Grain 
Analysis Laboratory (DuPont Pioneer, Johnston, IA), and is specific for fumonisin B1.  
Samples were finely ground and a 3-g subsample was extracted for analysis.  ELISA is a 
competition format constructed with proprietary antibodies to fumonisin B1.  Pre-coated, 
stabilized plates were prepared by Beacon Analytical Systems, Inc (Saco, ME, USA).  Maize 
extract samples and horseradish peroxidase conjugated fumonisin B1 were co-incubated at 
20-25°C for 60-62 min with shaking in the dark.  Substrate was added following washing of 
the plates.  The substrate reaction was allowed to proceed for 30-32 min. at 20-25°C with 
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shaking in the dark.  The reaction was stopped and the resulting color intensities of the wells 
was read at 450 nm.  The amount of fumonisin B1 present in a sample was inversely 
proportional to the color intensity in the assay well.   The measuring range of the fumonisin 
ELISA was 0.8 mg/kg to 2000 mg/kg.  This method has been validated in comparison to 
HPLC [21] by using AOAC-approved methods [22].  
In 2008 and 2009, total fumonisin concentrations (FB1 + FB2 +FB3) in10-g 
subsamples of ground maize were determined for each plot using AgraQuant® Total 
Fumonisin Assay 0.25/5.0 (Romer Laboratories Inc., Union, MO, USA).  This assay is a 
direct-competitive enzyme-linked immunosorbent assay (ELISA) capable of quantifying 
fumonisins in solution at concentrations between 0.25 and 5 mg/kg.  For samples containing 
fumonisin levels >5 mg/kg, the sample extract was diluted to bring it within range of the 
ELISA test.  This method is accepted by United States Department of Agriculture - Grain 
Inspection, Packers & Stockyards Administration (USDA-GIPSA) for the determination of 
total fumonisins in ground maize. 
 
HPLC 
  In the preliminary experiment (2007), only the ELISA method was used. HPLC was 
used in 2008, 2009, and 2010.  
Reagents. Fumonisin standards in 50:50 acetonitrile:water were obtained from 
BioPure (Tulln, Austria) and stored at 4°C.  Naphthalene 2,3-dicarboxaldehyde (NDA) was 
purchased from Sigma Aldrich (Buchs, Switzerland).  All other chemicals were purchased 
from Fisher Scientific (Fair Lawn, NJ, USA).  Unless otherwise noted, 0.2 µm of filtered 
deionized water was used in solution and sample preparation (Barnstead Nanopure, Thermo 
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Fisher Scientific, Waltham, MA, USA).  Reagents were prepared monthly according to 
Bennett and Richard (1994) with pH adjustment of 0.05M phosphate buffer to 7.4 with 
phosphoric acid. 
Sample preparation. Sample extraction was adapted from European Standard EN 
14352 [23], with modification.  Briefly, 10 g of ground sample was weighed and extracted 
with 25 mL of 25:25:50 (v/v/v) methanol/acetonitrile/distilled water by shaking on an orbital 
shaker for 20 min, followed by centrifugation at 2500 g for 10 min.  The supernatant was 
filtered through glass fiber filter paper (Fisherbrand G6, Fisher Scientific, Waltham, MA, 
USA) and the supernatant was collected in a 50 mL conical centrifuge tube.  The solids were 
extracted in the same manner with a second 25 mL volume of 25:25:50 (v/v/v) 
methanol/acetonitrile/distilled water, and the collected filtrates were combined.  Filtrates 
were stored at -23°C prior to clean-up and analysis.   
Fumonisins were purified from sample extracts using Fumonistar® immunoaffinity columns 
(Romer Laboratories, Inc., Union, MO, USA), collected in glass tubes, and evaporated to 
dryness with a Visiprep® SPE vacuum manifold (Supelco, Sigma Aldrich, St. Louis, MO, 
USA) according to the package instructions.   
Derivatization. Samples were derivatized with naphthalene-2,3-dicarboxaldehyde 
(NDA) reagent according Bennett and Richard [24] with some modification.  Sample 
residues were reconstituted with 0.5 mL of methanol and the following reagents were added 
in sequence: 0.5 mL of 0.05M sodium borate buffer, 0.25 mL of sodium cyanide reagent, and 
0.25 mL of NDA reagent.  Sample tubes were heated in a 60°C water bath for 20 min, then 
transferred to 4°C for 4 min.  Samples were diluted with 3.5 mL of 40:60 (v/v) 0.05 M 
phosphate buffer (pH 7.4): acetonitrile, and transferred to 1-mL amber autosampler vials.  
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Post-derivatization, samples were stored at -23°C for up to 24 h until transfer to the 
autosampler for injection, and sample analysis was completed within 2 h of this transfer [25]. 
HPLC instrumentation and parameters. The LC system consisted of a Varian ProStar 
210 pump, 410 AutoSampler, and 363 fluorescence detector (Agilent Technologies, Santa 
Clara, CA, USA).  The LC column was a Zorbax Eclipse Plus-C18, 3.5 µm (4.6x100 mm) 
and was preceded by a Zorbax Eclipse Plus-C18, 5 µm (4.6x12.5 mm) guard column 
(Agilent Technologies).   
Fumonisins were eluted isocratically with a mobile phase consisting of 52:47:1 
(v/v/v) filtered deionized water/acetonitrile/glacial acetic acid at a flow rate of 2.0 mL/min.  
Fumonisin-NDA derivatives were detected using 420 nm excitation and 500 nm emission 
wavelengths.  The autosampler was run with constant tray cooling at 4°C and column oven 
30°C.   
Method quality control.  Limits of detection (LOD) were determined by dividing the 
standard deviation of the calibration curve residuals by the slope of the calibration curve at 
levels approaching the LOD and multiplying the result by 3.3.  Limits of quantification were 
calculated by multiplying 3 times the calculated LOD [26].  Method accuracy was tested by 
artificially contaminating ground maize samples with known amounts of fumonisin at two 
levels of contamination and testing the recoveries.  Low-level artificial contamination in 
ground maize was equivalent to 4.1, 1.2, and 0.51 µg g-1 FB1, FB2, and FB3, respectively, and 
high level artificial contamination was equivalent to 6.8, 2.0, and 0.82 µg g-1 for FB1, FB2, 
and FB3, respectively (Table 2).  Method precision was measured by analyzing extracts of the 
same maize sample performed four  times over a period of two weeks.  
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Statistical Analysis 
Analysis of variance (ANOVA) was performed on log-transformed data using the 
PROC GLIMMIX procedure in SAS Version 9.3 software (SAS Institute Inc., Cary, NC, 
USA) fitting the data to a gamma distribution.  Insect feeding injury, severity of Fusarium 
ear rot symptoms, and total fumonisin concentration (FB1+FB2+FB3) in grain were evaluated.  
Factorial analysis was used to determine simple effects of maize event, insect infestation 
treatment, and their interaction.  Where interactions were present, multiple comparison 
analysis was performed using a Tukey-Kramer adjustment.  ANOVA analysis revealed 
significant treatment differences among years of the study with regards to insect injury and 
Fusarium ear rot.  As a result, data for these dependent effects were analyzed separately by 
year.  Treatment effects among years did not differ significantly for grain fumonisin 
contamination as measured by both ELISA and HPLC.  The independent variable ‘hybrid’ 
used for analysis combined results from each pair of hybrids used in the study, which 
produced the same Bt insecticidal protein (either Cry1F, Cry1Ab, or none). 
 
Results 
Kernel Injury 
In the 2007 preliminary study (Fig. 1A), hybrid and insect infestation significantly 
affected insect injury (F2,77=5.93 , P=0.0040 and F2,77=4.41, P=0.0154, respectively). 
Cry1Ab hybrids and non-Bt hybrids experienced similar levels of kernel injury, but Cry1F 
hybrids suffered significantly less injury than either Cry1Ab (P=0.0077) or non-Bt hybrids 
(P=0.0142).  Additionally, WBC-infested plots suffered significantly more kernel injury than 
either ECB (P=0.0122) or naturally infested plots (P=0.0123) and WBC-infested Cry1Ab 
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hybrids suffered the most kernel injury in 2007 (mean 15.13 %).  In 2008 (Fig. 1B) and 2009 
(Fig. 1C), hybrid, insect treatment, and their interactions were significant determinants of 
insect injury (P<0.0001 to P=0.0169).  In 2008 this was largely a result of ECB-infested, 
non-Bt plots, which suffered significantly more kernel injury (mean 6.52%) than any other 
hybrid/insect combination (P<0.0001 to P=0.0023).  In both 2008 and 2009, non-Bt hybrids 
suffered more kernel injury than either Cry1Ab (P=0.0143 and P=0.0179) or Cry1F 
(P=0.0001 and P=0.0053) hybrids.  In 2009, there were significant differences in mean 
kernel injury among all insect infestation treatments, in the order WBC>ECB>natural.  The 
highest mean among all hybrid/insect combinations in this year was in WBC infested 
Cry1Ab hybrids (mean 5.10%).  This mean was significantly greater than ECB or naturally 
infested Cry1Ab hybrids (P<0.0001).  Similarly, among non-Bt hybrids, WBC- and ECB-
infested plots had significantly more insect injury than naturally infested plots (P=0.0035 and 
P=0.0003).  There was no significant difference in kernel injury among insect treatments in 
the Cry1F hybrids in 2009; the lowest level was in the naturally infested plots (mean 0.25%).  
In 2010 (Fig. 1D), hybrid significantly affected insect injury (F2,77=11.22, P<0.0001) 
resulting from higher levels of injury in non-Bt compared with either Cry1Ab (P=0.0005) or 
Cry1F hybrids (P=0.0002). 
 
Fusarium ear rot 
In 2007 (Fig. 2A), hybrid and insect infestation treatment were both significant 
factors influencing Fusarium ear rot severity (F2,77=16.46 and F2,77=15.26, respectively, 
P<0.0001 for both).  Cry1Ab and non-Bt maize hybrids both suffered significantly higher 
levels of ear rot compared with Cry1F hybrids (P<0.0001 for both).  Additionally, WBC 
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infested plots experienced significantly higher levels compared with either ECB (P=0.0008) 
or artificially infested plots (P<0.0001).  Both non-Bt and Cry1Ab hybrids infested with 
WBC had averages of 30% of kernels per ear displaying symptoms of Fusarium ear rot.  
Hybrid, insect infestation treatment, and their interaction were all significant factors for ear 
rot severity in 2008 (F2,50=5.48 and P=0.0071, F1,50=7.64 and P=0.0080, F2,50=7.96 and 
P=0.0010, respectively, Fig. 2B).  Cry1Ab hybrids did not significantly differ from either 
Cry1F or non-Bt hybrids, but the latter two differed significantly from each other (P=0.0060).  
In this same year, ECB infested plots experienced significantly higher levels of ear rot than 
naturally infested plots (P=0.0080).  Non-Bt hybrids subject to ECB infestation had 
significantly higher levels of ear rot (mean 12.5%) than any other hybrid/insect combination 
(P<0.0001 to P=0.0106).  In 2009 (Figure 2C), Fusarium ear rot severity was influenced by 
insect infestation treatment (F2,77=5.18, P=0.0077).  Mean ear rot levels were low among all 
hybrids (2.7%, 1.8%, and 2.0% for non-Bt, Cry1Ab, and Cry1F hybrids, respectively) and 
did not significantly differ among each other.  Among insect treatments, ECB and WBC 
infested plots had higher levels of ear rot than naturally infested plots (P=0.0151 and 
P=0.0213, respectively).  For 2009, the highest mean ear rot was in ECB infested, non-Bt 
plots at 3.7%.  Fusarium ear rot was significantly influenced by hybrid (F2,77=6.43, 
P=0.0026) and the interaction of hybrid and insect infestation treatment (F4,77=3.69, 
P=0.0084) in 2010 (Fig. 2D).  Cry1Ab hybrids had the lowest level of ear rot (mean 2.7%), 
which was significantly less than non-Bt hybrids (mean 5.02%, P=0.0019).  Cry1F hybrids 
did not significantly differ from either Cry1Ab or non-Bt hybrids in 2010.  Although mean 
ear rot levels did not differ among the insect infestation treatments, ECB infested non-Bt 
hybrids had significantly higher levels of ear rot (mean 7.38%) than naturally infested non-Bt 
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hybrids (mean 3.00%, P=0.0072), ECB infested Cry1F hybrids (mean 2.82%, P=0.0078), or 
Cry1Ab hybrids in any insect infestation treatment (P=0.0008 to P=0.0059). 
 
Fumonisins (ELISA) 
ELISA determinations of fumonisin B1 in grain from 2007 had a range of FB1 sample 
contamination from 0 to 80.6 mg kg-1 with a mean of 9.98 mg kg-1.  Nineteen samples had 
total fumonisin levels <2 mg kg-1, 20 samples were contaminated at levels between 2 and 4 
mg kg-1, and 51 samples had fumonisin levels >4 mg kg-1.  Non-Bt hybrids averaged 13.14 
mg kg-1 FB1, Cry1Ab hybrids averaged 12.0 mg kg-1 FB1, and Cry1F hybrids averaged 4.84 
mg kg-1 FB1.  Hybrid and insect infestation treatment significantly influenced FB1 
concentrations in maize (F2,77=4.76, P=0.0112 and F2,77=15.70, P<0.0001, Fig. 3A).  Cry1F 
hybrids were less contaminated with fumonisins than either Cry1Ab (P=0.0423) or non-Bt 
hybrids (P=0.0154).  Among treatments, WBC treated plots had the highest mean FB1 (19.4 
mg kg-1), which was significantly greater than either ECB (6.48 mg kg-1, P=0.0019) or 
naturally infested plots (4.01 mg kg-1, P<0.0001). 
ELISA determinations of total fumonisin levels (FB1+FB2+FB3) in 2008-2009 ranged 
in samples from 0 to 48 mg kg-1 with a mean of 2.55 mg kg-1.  One-hundred nine samples 
had <2 mg kg-1 total fumonisin, 20 samples were contaminated at levels between 2 and 4 mg 
kg-1, and 21 samples had fumonisin levels >4 mg kg-1.  ANOVA analysis revealed significant 
differences between years of the study (F1,132=51.43 and P<0.0001) with mean fumonisin 
levels higher in 2008 (5.59 mg kg-1) compared with 2009 (0.50 mg kg-1).  In 2008 (Fig. 3B), 
hybrid, insect infestation treatment, and their interaction were all significant factors 
contributing to the severity of total fumonisin (FB1+FB2+FB3) maize contamination as 
82 
 
determined by ELISA (F2,50=4.31 and P=0.0187, F1,50=17.47 and P=0.0001, F2,50=5.15 and 
P=0.0092, respectively).  Non-Bt hybrids had significantly higher levels of contamination 
than Cry1Ab hybrids (P=0.0280) or Cry1F hybrids (P=0.0498).  ECB infestation exacerbated 
fumonisin contamination in comparison to naturally infested plots (P=0.0001).  Among all 
hybrid/insect combinations in 2008, ECB infested non-Bt hybrids suffered this highest level 
of fumonisin contamination (mean 20.6 mg kg-1); this difference was significant for all 
comparisons (P<0.0001 to P=0.0049).  Similar to 2008, 2009 fumonisin levels in maize grain 
were significantly impacted by hybrid (F2,77=15.55, P<0.0001), insect infestation treatment 
(F2,77=14.24, P<0.0001), and their interaction (F4,77=8.11, P<0.0001, Fig. 3C).  Cry1F 
hybrids in this year suffered significantly less fumonisin contamination than either Cry1Ab 
(P=0.0003) or non-Bt hybrids (P<0.0001).  Naturally infested plots were the least 
contaminated as compared with either ECB (P=0.0012) or WBC (P<0.0001) infested plots.  
In 2009, Cry1Ab hybrids suffered the highest mean fumonisin contamination under WBC 
insect infestation and the least contamination under ECB infestation.  The inverse was true 
for non-Bt hybrids which were most contaminated under ECB infestation and less 
contaminated in WBC infested plots.  These differences were significant between ECB 
infested Cry1Ab and non-Bt hybrids (P<0.0001), as well as between ECB infested Cry1Ab 
and WBC infested Cry1Ab plots (P=0.0005). 
 
HPLC Method Performance 
Calibration curves for FB1, FB2, and FB3 had linear regression coefficients (R) of 
0.999, 0.996, and 0.998.  The limits of detection for FB1, FB2, and FB3 were 0.11 ng, 0.18 ng, 
and 0.18 ng, respectively, which correspond to 40 ug kg-1, 65 ug kg-1, and 67 ug kg-1 in the 
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maize samples (at 15% grain moisture).  The limits of quantification for FB1, FB2, and FB3 
were 0.33 ng, 0.54 ng, and 0.54 ng, respectively, which correspond to 120 ug kg-1, 195 ug kg-
1, 200 ug kg-1 in maize (at 15% grain moisture). 
Recovery experiments were performed in duplicate for FB1, FB2, and FB3 for two 
levels of spike (Table 2).  Recoveries for FB1 and FB2 were within the acceptable range 
established by the European Commission (ranges for FB3 were not established in this 
directive) [27].  The mean and standard deviations for FB1, FB2, and FB3 were 1575±121, 
388±27, and 70±1.3 ng g-1, respectively.  The coefficients of variation for FB1, FB2, and FB3, 
which are measures of precision and were obtained from independent extracts of the same 
maize sample, were 7.7%, 7.0%, and 1.9%, respectively. 
 
Total Fumonisins (HPLC) 
Fumonisin levels determined by HPLC ranged in individual samples from LOD to 
34.87 mg kg-1 with a mean and standard deviation of 1.28±3.19 mg kg-1.  One-hundred 
ninety-seven samples had total fumonisin levels below 2 mg kg-1, 17 samples were 
contaminated at levels between 2 and 4 mg kg-1, and 13 samples had fumonisin levels >4 mg 
kg-1.  Fumonisin contamination in maize grain was highest in 2008 (3.22 mg kg-1), followed 
by 2010 (0.57 mg kg-1), and were lowest in 2009 (0.40 mg kg-1, Table 4).  ANOVA 
performed on data acquired from HPLC fumonisin analysis gave results similar to ELISA 
(Table 3).  In 2008, hybrid, insect infestation treatment, and their interaction were significant 
factors contributing to the severity of total fumonisin (FB1+FB2+FB3) contamination in 
maize (Table 3).  ECB infested plots suffered higher levels of contamination than naturally 
infested plots (P=0.0005) and non-Bt hybrids infested with ECB experienced higher levels of 
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fumonisin contamination than any other hybrid/insect infestation treatment combination 
(P<0.0001 to P=0.0062).  The 2009 analysis revealed hybrid and insect infestation treatment 
were significant factors impacting fumonisin contamination (Table 3).  Cry1F hybrids 
suffered significantly less fumonisin contamination than either Cry1Ab (P=0.0064) or non-Bt 
(P=0.0005) hybrids.  Plots infested with WBC or ECB suffered higher levels of fumonisin 
contamination than naturally infested plots (P<0.0001 and P=0.0002, respectively).  In 2010, 
ANOVA revealed hybrid, insect infestation treatment and their interaction were significant 
factors influencing maize fumonisin contamination (Table 3).  Cry1F hybrids were less 
contaminated than non-Bt hybrids (P=0.0101) while Cry1Ab hybrids suffered an 
intermediate level of contamination (relative to these), which did not differ significantly from 
Cry1F or non-Bt hybrids.  Averaged over all hybrids, fumonisin contamination was the most 
severe in ECB infested plots and least severe in naturally infested plots (P=0.0146).  Plots 
infested with WBC did not differ significantly from either of these treatments.  Cry1F plots 
infested with WBC suffered the lowest levels of fumonisin contamination; significantly less 
than either non-Bt or Cry1Ab plots infested with WBC (P=0.0002 and P=0.0065, 
respectively), or Cry1F plots subject to ECB or natural insect infestation treatment (P=0.0224 
and P=0.0277, respectively). 
Correlations were present between measurements of insect injury and Fusarium ear 
rot (R=0.74, P<0.0001).  Fumonisin contamination determined by ELISA was correlated 
with insect injury (R=0.52, P<0.0001) and Fusarium ear rot (R=0.70, P<0.0001).  These 
correlations were weaker when HPLC determinations of fumonisin contamination were used 
to determine correlations with both insect injury (R=0.47, P<0.0001) and Fusarium ear rot 
(R=0.52, P<0.0001).  A strong correlation was evident between HPLC and ELISA 
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determinations of total fumonisins (FB1+FB2+FB3) in grain (Fig. 5, R=0.95, P<0.0001).  
ELISA results were, on average, higher than HPLC results for the same sample but the 
difference was not constant.  Statistical relationships were generally the same between the 
two methods (Fig. 3B compared with 4A, and Fig. 3C compared with 4B).  For fumonisin 
levels determined by HPLC, and samples with FB1, FB2, and FB3 levels all within their 
respective ranges of quantitation, FB1 constituted 69.3±4.7% of the total fumonisin 
contamination in the grain samples (N=24). 
 
Discussion 
Fumonisins are ubiquitous contaminants of maize worldwide, but management 
decisions can impact the severity of contamination.  Results obtained in this study add to the 
pool of data, which recognizes transgenic insect resistance as a deterrent of fumonisin 
contamination when maize is grown under conditions of significant infestation by 
Lepidopteran insects.  Overall, the presence of Bt genes effectively secured grain with 
significantly less insect injury and Fusarium ear rot compared to non-Bt, near-isogenic 
hybrids.  In 2007, WBC infested plots were the most severely injured and hybrids susceptible 
to this insect (Cry1Ab hybrids and non-Bt hybrids) were the most contaminated with FB1.  
FB1 contamination was significantly lower in Cry1F hybrids, which expressed insecticidal 
proteins against this insect.  In 2008 and 2009, total fumonisin (FB1+FB2+FB3) 
contamination was lower in Bt hybrids than in non-Bt hybrids for both ELISA and HPLC 
determinations.  Total fumonisin contamination (FB1+FB2+FB3) in maize obtained from Bt 
hybrids (measured in 2008-2010) was below FDA guidance levels for even the most 
sensitive species in each year [28].  In 2008, the average fumonisin level in non-Bt grain 
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would have suffered market limitations as a result of its contamination, which exceeded 6 mg 
kg-1 as determined by HPLC and 11 mg kg-1 by ELISA. 
Manual insect infestations were used to ensure maize pest-populations were present 
in the field and that their distribution among plants was relatively uniform.  Their presence 
increases the likelihood of fungal infection in maize tissues affected by feeding injury and 
fungal spore deposition throughout maize kernel tissues by active larvae [10, 12].  The choice 
of insect infestations was based on their traditional (ECB) and recent (WBC) significance in 
the growing area as well as the spectra of control provided by the Bt hybrids used in the 
study.  In 2007, 2008, and 2009, the difference in kernel injury between naturally and 
artificially-infested plots was significant, indicating survival of manual infestations which 
likely exacerbated feeding effects on susceptible hybrids.  This made differences among 
hybrids’ susceptibilities to insects more apparent.  Cry1F maize hybrids (Bt event TC1507) 
possess transgenic insect resistance, which is effective against both ECB and WBC.  Both Bt 
hybrids were sufficiently protected against ECB infestation, but the susceptibility of Cry1Ab 
hybrids to WBC was evident.  Feeding patterns differ between these two insects because 
WBC feeding was typically isolated at the tip of the ear and resulted in complete kernel 
destruction.  ECB-feeding is generally more widespread throughout the ear; the larvae leave 
incomplete kernels in their path as they migrate through the ear.  “Railroading” is also 
common in ECB-infested maize because small larvae move along a silk channel causing 
small amounts of injury to many kernels [29].  While a strong correlation was evident 
between insect injury and maize Fusarium ear rot severity (R=0.74), this may have been 
dampened because completely destroyed kernels were considered in the insect injury scores, 
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but these kernels were not physically present to contribute to Fusarium ear rot scores or 
fumonisin contamination. 
Natural ECB populations in several Midwest states have declined due to the high 
adoption rate of Bt maize [17].  Historically, ECB has been the predominant Lepidopteran 
pest of maize in the Midwest United States; however, in the years of the present study the 
absence of significant differences among naturally infested hybrids (which included both 
susceptible and Bt-protected hybrids) indicate that their populations were low.  Suppression 
of ECB on a broad scale may result in greater importance of insects that have historically 
been considered secondary to the ECB.  In maize-intensive growing regions of the United 
States, insects of concern will likely include WCB, which has recently experienced range 
expansion from its recorded origin, Arizona [30], all the way to Michigan, Ohio, and 
Pennsylvania in the United States, as well as into Quebec, Canada [31, 32, 33].  WBC has 
also displayed a competitive advantage over another potential pest, corn earworm, when fed 
a diet of Cry1Ab (MON810) maize [19].  With reduced competition from ECB for an 
abundant food source like maize in the Midwest, WBC population monitoring will be 
paramount for effective pest management.  In the present study, Cry1Ab hybrids’ lack of 
efficacy against WBC was evident.  In both 2007 and 2009, it was apparent that Cry1Ab 
hybrids performed similarly to non-Bt hybrids when infested with WBC.  WBC infestation of 
these hybrids led to increased ear rot symptoms and fumonisin contamination.  Cry1F maize 
maintained relatively low levels of ear rot and fumonisins, even under WBC infestation 
conditions.  This is noteworthy to consider for hybrid selection in the near future, as 
adaptations will be made to adjust to the shifting focus of Bt pest management away from 
ECB.  This process will need to be approached with caution.  In Puerto Rico, resistance to 
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Cry1F maize has been noted in populations of Spodoptera frugiperda (Lepidoptera: 
noctuidae) and, as a result, planting of Cry1F hybrids has been halted [34].  Puerto Rico had 
a number of unique factors which may have contributed to resistance development-- little 
insect species migration into or off of the island, year-round maize cultivation, poor 
compliance with insect resistance management (IRM) requirements, and concurrent use of Bt 
derived foliar insecticides—but this does not remove the need for population monitoring and 
proactive resistance prevention and management in all regions where Bt maize is grown.  
Resistance has not spread to the mainland United States [35] and has not been noted in other 
Lepidopteran species, but this emphasizes the importance of proper monitoring and 
stewardship of Bt technology.  In the United States, the IRM strategy was developed to 
prevent resistance, and it can be employed along with planting of Bt hybrids that produce 
different or multiple stacked Bt genes to help reduce resistance development to any single 
gene on its own. Compliance with IRM practices is likely to significantly improve with the 
widespread commercialization of hybrid mixtures that include transgenic and non-transgenic 
(refuge) seeds in the same bag.  
Maize hybrids expressing Bt genes cry1F and cry1Ab experience reductions in 
contamination by some mycotoxins, including fumonisins compared to non-Bt hybrids.  
These reductions result from their inherent ability to deter insect feeding, which reduces the 
capability of toxigenic fungi to colonize the ear and produce mycotoxins.  Some recent 
evidence also points to direct effects of Bt gene expression on fumonisin-producing 
Fusarium species. Rocha et al. and Reis et al. [37] found that FUM gene expression was 
reduced when F. verticillioides fungus was grown on maize kernels, which express either 
Cry1Ab [36] or Cry1F compared with near-isogenic controls.  Cry1F maize targets WBC, 
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but Cry1Ab does not.  In all years of the present study, maize fumonisin contamination was 
reflective of the degree of insect protection inherent in each hybrid.  Cry1F hybrids suffered 
the least amount of fumonisins in 2007, 2009, and 2010-the three years in which WBC insect 
infestation was used.  In all years of the study, Cry1F and Cry1Ab performed similarly under 
conditions of ECB infestation.  When exposed to significant pest pressures for which they 
possess insecticidal proteins, hybrids expressing Cry1Ab and Cry1F resist fumonisin 
mycotoxin accumulation more effectively than hybrids exposed to non-target pest pressures.  
The rise of previously “secondary” pests will increase the need for hybrids, which target a 
broader spectrum of pests to be grown.  This will aid in reducing kernel injury and 
subsequently reducing toxigenic fungi colonization and mycotoxin accumulation in maize 
hybrids as a result of broad-spectrum protection against Lepidopteran pests. 
Measured fumonisin concentrations differed between ELISA and HPLC methods.  
Accurate and repeatable determination of maize fumonisin content is a crucial step in 
commodity management.  The AgraQuant Total Fumonisin ELISA (Romer Laboratories, 
Inc., Union, MO) used in years 2008 and 2009 of the present study had a limit of detection 
and a limit of quantification of 0.20 mg kg-1 and 0.25 mg kg-1, respectively.  This is less 
sensitive than the HPLC method used.  There was a strong correlation between the two 
methods’ total fumonisin (FB1+FB2+FB3) results obtained for 2008-2009, the two years of 
the study for which both methods were used.  The ELISA method tended to over-estimate 
fumonisin levels as compared with HPLC method.  Ghali et al. [38] also reported fumonisin 
contamination in various commodities (including maize) by both HPLC and direct-
competitive ELISA.  In all commodities tested, ELISA reported more fumonisin-positive 
samples than HPLC.  For samples detected as positive by both methods they found a 
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significant coefficient of determination, r2=0.978 (N=25)  [38].  For the present study, 
r2=0.9042 was calculated for all samples analyzed by both HPLC and ELISA (N=138).   
P-values for treatment effects on fumonisin levels tended to be smaller for ELISA 
data than for HPLC data, but the significance of these effects did not differ between the two 
methods, except for one case; a significant interaction effect in the 2009 ELISA data, which 
was not significant for the HPLC data.  In this particular year, means calculated by hybrid-
insect treatment combinations did not exceed 2 mg kg-1 for either method.  Over-estimation 
of grain fumonisin contamination by ELISA kits noted in the present research (and previous) 
results in false limitations on grain end-use.  ELISA kits are used in grain elevators or other 
grain-handling industries because of their ease-of-use, rapid results, minimal sample 
preparation, and affordability.  While over-estimation leads to decision-making that protects 
end-users’ health, it simultaneously results in false rejections, unnecessary limitations on 
grain usage, and subsequent economic loss.  It also restricts marketability and impacts 
profitability, possibly affecting maize prices and available supplies.  Adoption and use of 
rapid test kits in the appropriate commercial setting is valuable to ensure the mycotoxin 
contamination does not exceed market needs imposed by end-users.  It may be appropriate to 
apply a correction factor to results obtained by rapid test kits, if their results differ from a 
validated analytical technique by a predictable factor.  It is crucial, however, to use these 
techniques in the appropriate manner, with regular check samples performed alongside 
validated analytical techniques. 
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Tables and Figures 
 
Table 1. FDA guidance levels for total fumonisins (FB1+FB2+FB3) in corn and corn by-
products intended for human and animal consumption and maximum inclusion of 
contaminated feed as a percentage of the diet on a dry weight basis [28]. 
Human Food Product or Animal Species Total fumonisins (FB1+FB2+FB3) 
Maximum 
inclusion 
Human food products   
Degermed dry milled corn products  2 mg kg-1 N/A 
Whole or partially degermed dry milled corn                     
products 4 mg kg
-1 N/A 
Dry milled corn bran 4 mg kg-1 N/A 
Cleaned corn intended for masa production 4 mg kg-1 N/A 
Cleaned corn intended for popcorn 3 mg kg-1 N/A 
   
Animal feed products   
Corn and corn-by products intended for:   
Equids and rabbits 5 mg kg-1 20% 
Swine and catfish 20 mg kg-1 50% 
Breeding ruminants, breeding poultry, and breeding 
mink* 30 mg kg
-1 50% 
Ruminants ≥ 3 months old being raised for 
slaughter and mink being raised for pelt production 60 mg kg
-1 50% 
Poultry being raised for slaughter 100 mg kg-1 50% 
All other species or classes of livestock and pet 
animals 10 mg kg
-1 50% 
Note: *including lactating dairy cattle and hens laying eggs for human consumption 
 
Table 2.  Recoveries (%) of FB1, FB2, and FB3 for low and high level spikes.  Results are 
listed as repetition 1, repetition 2. 
 FB1 FB2 FB3 Total FB recovery 
Low spike 92.8%, 104.8% 81.0%, 89.5% 99.7%, 117.6% 90.9%, 102.7% 
High spike 76.5%, 85.5% 71.6%, 76.5% 82.6%, 92.2% 76.0%, 84.2% 
 
96 
 
Table 3.  P- and F-values for the effects of hybrid, insect infestation treatment, and their 
interaction on ELISA and HPLC determinations of total fumonisin content (FB1 + FB2 + 
FB3) in ground grain from 2008 and 2009.  For 2008 ELISA and HPLC analyses n=60, for 
2009 ELISA analysis n=90 and HPLC analysis n=77. 
 F-value P-value 
 ELISA HPLC ELISA ELISA 
Hybrid     
  2008 4.31 3.41 0.0187 0.0187 
  2009 15.55 8.96 <0.0001 <0.0001 
Infestation     
  2008 17.47 13.79 0.0001 0.0001 
  2009 14.24 14.23 <0.0001 <0.0001 
Hybrid*Infestation     
  2008 5.15 7.01 0.0092 0.0092 
  2009 8.11 2.12 <0.0001 <0.0001 
1degrees of freedom for the F-statistic are reported as numerator, denominator. 
 
Table 4.  Total fumonisin (FB1+FB2+FB3) concentration in maize (mg kg-1) as determined by 
HPLC analysis for 2008-2010 (mean and standard deviation). Means within rows are either 
by year (bold-face type) or by insect infestation within year (normal type-face).  Means 
within columns are grouped by Bt insecticidal protein produced with the corresponding (Bt 
event).   
Year 
Insect 
infestation 
CryAb 
(MON810) 
Cry1F 
(TC1507) Non-Bt 
Overall mean 
by year 
  By insect 
infestation      
within year 
Mean SD Mean SD Mean SD Mean SD 
2008 1.42 1.98 1.62 2.07 6.60 8.62 3.22 5.69 
  ECB 1.40 2.31 1.99 1.99 12.34 9.08     5.24 7.39 
  Natural 1.45 1.73 1.26 2.18 0.87 1.08     1.19 1.68 
2009 0.40 0.69 0.16 0.25 0.67 1.08 0.40 0.75 
  ECB 0.30 0.47 0.20 0.21 1.25 1.40     0.55 0.91 
  WBC 0.78 1.05 0.23 0.37 0.64 1.04     0.55 0.87 
  Natural 0.15 0.21 0.04 0.02 0.12 0.15     0.11 0.16 
2010 0.51 0.52 0.43 0.66 0.76 0.93 0.57 0.73 
  ECB 0.69 0.68 0.56 0.59 1.00 1.27     0.75 0.89 
  WBC 0.55 0.40 0.12 0.11 0.86 0.79     0.51 0.59 
  Natural 0.29 0.39 0.61 0.94 0.42 0.60     0.44 0.67 
Hybrid 
means  0.70 1.19 0.66 1.28 2.33 5.22  
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Figure 1. Insect injury (average percentage of kernels per ear) by Bt event for 2007 (A), 2008 
(B), 2009 (C), and 2010 (D).   
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Figure 1 continued 
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Figure 2. Fusarium ear rot (shown as average percent of kernels displaying visible symptoms 
of Fusarium infection per ear) by Bt event for 2007 (A), 2008 (B), and 2009 (C), 2010 (D).   
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Figure 2 continued 
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Figure 3. Fumonisin contamination in maize (mg kg-1) as determined by ELISA.  FB1 
contamination is depicted for 2007 (A), and total fumonisin contamination (FB1+FB2+FB3) is 
depicted for 2008 (B) and 2009 (C).  
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Figure 3 continued 
 
 
Figure 4. Fumonisin contamination in maize (mg kg-1) as determined by HPLC for 2008 (A), 
2009 (B), and 2010 (C).    
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Figure 4 continued 
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Figure 5.  Correlation between total fumonisin (FB1+FB2+FB3) concentration (mg kg-1) 
determined by HPLC and ELISA. Data are from 2008 and 2009.  The dotted line represents a 
1:1 correlation and each point represents data obtained from a single plot (hybrid x insect 
infestation treatment) within a year. 
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CHAPTER IV 
FUMONISINS IN CONVENTIONAL AND TRANSGENIC, INSECT-RESISTANT 
MAIZE INTENDED FOR FUEL ETHANOL PRODUCTION:  IMPLICATIONS FOR 
FERMENTATION EFFICIENCY AND DDGS CO-PRODUCT QUALITY 
 
A paper to be submitted to a journal yet to be determined 
 
Erin Bowers and Gary Munkvold 
Iowa State University Department of Plant Pathology and Microbiology, Seed Science 
Center, Iowa State University, Ames, IA, USA 
Abstract 
Mycotoxins in maize grain intended for ethanol production may be detrimental to 
yeasts used for fermentation, and their concentrations usually are enriched in co-product 
dried distiller’s grains with solubles (DDGS).  Fumonisins are common in maize grain but 
their impacts on fermentation and DDGS quality are not understood. Grain from Bacillus 
thuringiensis (Bt) maize often has reduced fumonisin contamination due to its protection 
from insect injury and subsequent fungal infection.  The present study was conducted to 
examine the magnitude of fumonisin enrichment in DDGS and to analyze the impacts of 
insect injury, Fusarium ear rot severity, and fumonisin contamination on ethanol yield.  Grain 
was obtained from six field trials conducted in 2008-2011 in which different levels of 
fumonisin contamination were induced through growing both Bt and non-Bt hybrids infested 
with Lepidopteran insect larvae.  Fumonisin contamination in grain ranged from 0 to 35 mg 
kg-1.  Grain samples were then fermented, ethanol production was determined 
gravimetrically, and DDGS collected and analyzed using HPLC to determine final fumonisin 
concentrations.  Ethanol yield was not affected by fumonisin contamination in the range 
occurring in this study, and was not correlated with insect injury or Fusarium ear rot severity.  
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Ethanol yield also was unaffected in a fermentation of uncontaminated grain spiked with 
fumonisin B1 in concentrations from 0 to 37 mg kg-1. Fumonisins in DDGS derived from Bt 
hybrids averaged 2.04 mg kg-1 whereas that from non-Bt hybrids averaged 8.25 mg kg-1.  
Enrichment factors (DDGS fumonisin level/ground grain fumonisin level) did not differ 
significantly from 3.0 for 50 out of 57 hybrid x insect infestation treatment combinations.  
The seven that differed significantly from 3.0 were <3.0 (1.56 to 2.56x).  The present study 
provides laboratory-scale validation for the industry assumption of a three-fold enrichment of 
fumonisins in DDGS, with fumonisin measurements traceable to individual samples. 
 
Introduction 
The maize ethanol industry continues to steadily grow in the United States, keeping in 
step with federal government directives for the inclusion of renewable fuels in the U.S. fuel 
supply.  The Energy Policy Act of 2005 [1] and the Energy Independence and Security Act 
of 2007 [2] bolstered mandates for biofuel inclusion and directed that maize-based ethanol 
should constitute 57 billion liters (15 billion gallons) of the annual U.S. fuel supply by the 
year 2015.  As of 2013, 211 maize ethanol plants are operating in 28 states with a total 
production capacity of 55.65 billion L (14.7 billion gallons) annually [3].  Ethanol plants are 
concentrated in the Central United States in close proximity to the country’s most intense 
maize production.  In 2011, nearly 53 billion L (14 billion gallons) of maize-based ethanol 
were produced and utilized, and maize-derived ethanol constituted 10% of the total U.S. fuel 
consumption [4].  Additionally, gasoline/ethanol blends made up approximately 95% of the 
total fuel consumed in the United States, the majority of which was a blend of 10% ethanol in 
gasoline.   
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Maize grain has long been considered to be a well-suited substrate for ethanol 
production as a result of the high starch content in maize kernel endosperm and excellent 
storage life (up to 2 years at 12% moisture).  Industrial-scale production of fuel ethanol is 
accomplished through one of two processes: dry grind processing or wet-milling.  The goal 
of corn wet-milling is to separate maize into its individual components of starch, oil and fiber 
and ethanol production is used to bioremediate the waste-water stream from high-fructose 
corn sweetener production, whereas corn dry-grind focuses on ethanol production primarily 
for biofuels.  Thus, approximately 80% of ethanol plants currently operating use dry-grind 
processing methods.  In dry-grind corn ethanol processing, whole kernel maize is ground and 
mixed with water to form mash.  The addition of heat (104 to 107°C) and specific 
thermostable α-amylase enzymes liquefies the starch polymer into short chain dextrins.  The 
mixture is cooled, and glucoamylase and yeast are added to achieve ethanol production via 
simultaneous saccharification and fermentation (SSF).  Over a time frame of 48-72 h (30 to 
32°C, pH 4.5 to 5.5), the dextrins are saccharified to glucose and simultaneously fermented 
to ethanol and carbon dioxide via yeast fermentation.  Ethanol is recovered from the 
fermentation mash through distillation (~88°C), and the remaining slurry (stillage) contains 
solid material which is nutritionally valuable for livestock.  Solids are removed from the 
stillage by centrifugation to produce wet distiller’s grains (WDG), which are sometimes dried 
to produce dried distiller’s grains (DDG) and thin stillage concentrate in which 50% is 
backset into the fermentation process and 50% is then concentrated via flash evaporation to 
produce solubles.  Thus, WDG is combined with solubles then dried to produce dried 
distiller’s grains with solubles (DDGS).  Commercial dry-grind maize ethanol processing 
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yields approximately 0.42 L of ethanol per kg maize (2.8 gallons per bushel at 15% moisture) 
and 7.7-8.2 kg (17-18 lbs.) of DDGS. 
As a result of the predominance of dry-grind processing over wet mill processing, co-
production of DDGS has reached 30 million tons annually.  DDGS is a valuable livestock 
feed component and its sale is vital to profitability of the ethanol industry.  DDGS quality 
can be affected by maize grain quality, which can be compromised by insect feeding, fungal 
infection, and mycotoxin accumulation both in the field and during storage.  Maize can suffer 
contamination by a number of mycotoxins including fumonisins, which are the most 
common mycotoxins found in areas of the United States with the highest ethanol production 
capacity.  Fumonisins are primarily produced by Fusarium verticillioides (Sacc.) Nirenberg 
and Fusarium proliferatum (Matsushima) Nirenberg and are ubiquitous in U.S. maize [5].  
Dietary exposure to fumonisins results in negative health impacts in humans and a variety of 
animal species, if the exposures exceed tolerable ones.  Nearly all DDGS are consumed by 
beef and dairy cattle, swine, and poultry [4].  Of these species, swine are the most sensitive to 
dietary fumonisins.  One study estimates that chronic, low-level exposure of swine to 
fumonisins in the form of contaminated DDGS could result in annual industry losses ranging 
from $9 million to $74 million [6].  Losses are highly dependent on the fumonisin 
contamination of incoming grain.  These estimates were based on anticipated losses due to 
reduced weight gain resulting from dietary fumonisin exposure in the form of contaminated 
DDGS included as 10-20% total feed.  This inclusion is well below the acceptable 50% 
inclusion of fumonisin-contaminated feed in the diet (Table 1) but aligns with industry trends 
reported from 2006, where 12% of swine operations fed DDGS at an average 10% of total 
feed [7].  In addition to reduced weight gain in swine, outcomes of dietary fumonisin 
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exposures exceeding tolerable levels can also result in pulmonary edema in swine [8] and 
altered liver and immune function in cattle [9].  Toxicity has also been demonstrated at 
concentrations <100 mg kg-1 in broiler chicks [10]. 
Fumonisins are heat-stable and non-volatile under ethanol production conditions.  As 
a result, the “rule of thumb” for estimating fumonisin enrichment in DDGS is up to 3x the 
level found in the originating grain [11].  This enrichment estimate is empirically based on 
the typical dry-grind process, which produces a mass of DDGS equal to approximately 1/3 of 
the mass of grain which entered the process.  The DDGS is assumed to contain all of the 
original fumonisins--hence, three-fold enrichment.  Few studies have been performed to 
verify this enrichment factor.  One study fermented naturally contaminated corn 
contaminated at 15 and 36 mg kg-1 FB1 and determined contamination in the fractionated 
corn mash.  The combined FB1 contamination of fractions which, when combined, constitute 
DDGS produced an enrichment ranging from 1.37x to 1.94x compared to the original maize.  
Interestingly, in this same study, the control maize had no detectable fumonisins in its ground 
form but, after fermentation, fumonisins were detected in the resultant DDGS.  The authors 
hypothesized that processing conditions may have altered the solubility of the fumonisin 
molecules in the extraction solvent used [11].  Two surveys of U.S. DDGS conducted from 
2006-2008 and 2009-2011, reported 6 and 12% of DDGS samples, respectively, with 
fumonisin contamination exceeding FDA guidance levels for the most sensitive species [12, 
13].  The survey conducted in 2009-2011 also found approximately 12% of the DDGS 
samples collected had contamination with deoxynivalenol, another mycotoxin subject to 
enrichment in DDGS and capable of producing detrimental health effects in livestock, in 
levels exceeding the FDA minimum advisory level.  Common among these two surveys and 
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two additional studies [14, 15] is a high prevalence of fumonisins in DDGS samples.  Maize 
may be tested for mycotoxins (including fumonisins) upon delivery to an ethanol plant if 
conditions have been favorable for the growth of toxigenic fungi or if mycotoxin 
contamination is otherwise suspected, but screening resultant DDGS is uncommon. 
 In addition to detrimental implications of fumonisin enrichment in DDGS intended 
for livestock feed, there is also a need to examine the impacts of grain fumonisin 
contamination on ethanol production itself.  Strains of Saccharomyces cerevisiae (which are 
common brewing yeasts) have shown sensitivity to fumonisin B1, manifesting in inhibition of 
culture growth rates [16].  Additionally, fumonisin contamination <3 mg kg-1 did not 
significantly affect ethanol production [17] but contamination in the range of 3-1400 mg kg-1 
decreased ethanol yield.  At the extremes, ethanol yield was reduced from 6% by weight (for 
uncontaminated maize) to 3% by weight (in 1400 mg kg-1 contaminated maize) in the 
fermentation broth [18].  Contamination at 1400 mg kg-1 fumonisin exceeds levels reported 
for naturally-contaminated maize and was achieved in this study through fungal inoculation 
of kernels; there are no results available for ethanol production from maize naturally 
contaminated with fumonisins in a regionally-relevant range of concentrations.  The use of 
fumonisin-contaminated maize for fuel ethanol production poses risks worthy of further 
examination as they have implications for the solvency of the ethanol industry as well as 
health and productivity of DDGS-consuming livestock.  
Transgenic insect-resistant maize (Bt maize) has been genetically modified to produce 
insecticidal proteins, which provide inherent protection from target Lepidopteran pests.  This 
maize constituted more than 2/3 of maize grown in the United States in 2012 [19].  The first 
commercial Bt hybrids expressed proteins Cry1Ab or Cry1F, which primarily targeted the 
111 
 
European corn borer (ECB) (Ostrinia nubilalis Hübner).  This particular pest has been 
recognized as one of the most damaging maize pests in the United States [20].  Cry1F also is 
efficacious against Western bean cutworm (WBC) (Striacosta albicosta Smith) [21].  
Recently, Bt hybrids have been developed, which express proteins that effectively control 
additional, important maize pests including corn earworm (CEW) (Helicoverpa zea Boddie) 
[22, 23].  The latter two insects have the potential to become pests of primary concern in 
major maize-producing regions of the United States [24, 25].  Benefits of Bt-derived insect 
protection reach beyond the obvious yield benefits [26] and decreased physical kernel injury 
that results from suppressed insect feeding.  When compared with conventional, non-Bt 
hybrids, hybrids expressing Bt genes experience reduced infection by Fusarium fungal 
species and risk of contamination with fumonisin mycotoxins [27].  Although there are no 
data currently available to directly measure the influence, it is likely that Bt maize already 
contributes significantly to improved DDGS quality as a result of reduced fumonisin 
contamination and high adoption in the United States. 
Current fumonisin monitoring and control strategies in DDGS depend upon a reliable 
and predictable enrichment factor for mycotoxins, even though this factor lacks validation.  
Survey studies conducted at ethanol facilities have provided some insight into the prevalence 
of fumonisins in DDGS, but the significant source of uncertainty in these surveys is that a 
sample of DDGS cannot be traced back to its originating maize.  This confounds the 
measurement of a direct fumonisin enrichment factor.  The present study was conducted to 
provide more detailed information regarding fumonisin enrichment in DDGS and direct 
impacts of using fumonisin-contaminated maize on ethanol production efficiency.  Naturally-
contaminated maize was obtained from field trials in which various levels of contamination 
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were induced by growing maize hybrids which expressed a variety of Bt-derived insecticidal 
proteins (and near-isogenic, non-Bt hybrids), under conditions of natural or manual insect 
infestation.  Insect infestation treatments were chosen to reflect realistic species pressures in 
the growing area, and were also selectively suppressed by the various Bt or non-Bt hybrids 
used.  Through the fermentation of grain obtained from these various hybrids, we seek to 
elucidate the important role of Bt maize in providing grain which is low in mycotoxins, and 
its influence on maximizing ethanol production and the quality of co-product DDGS.  
 
Materials and Methods 
Grain was obtained from two sets of field experiments (‘A’ and ‘B’) that were 
conducted in 2008-2011 in Central Iowa (Story and Boone Counties) to assess Lepidopteran 
insect infestation in maize hybrids expressing varying Bt transformation events.  The 
experiments were organized as randomized complete block designs; experiment ‘A’ 
consistently had five replicate blocks of each combination of hybrid and insect treatment 
while experiment ‘B’ had eight, eight, and four replicates in 2008, 2009, and 2011, 
respectively.  A summary of the field trials is provided in Table 2.  In all experiments, ten 
primary ears from the insect-treated rows of each plot were harvested by hand.  Ears were 
stored in a cold room (4°C) until drying to inhibit fungal metabolism.  Post-harvest handling 
included visual assessment of ears for insect injury and Fusarium ear rot severity and drying 
at approximately 100-120°F (37.8-48.9°C) to ∼15% moisture content (dry basis).  Ears were 
shelled using a hand-crank sheller and kernels from the ten harvested ears per plot were 
combined and ground on the finest particle size setting by using a Romer® mill (Romer 
Laboratories Inc., Union, MO, USA). 
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Fermentation 
Reagents. Calcium chloride (200 mM) solution was prepared by dissolving 2.94 g of 
CaCl2·2H2O in 97.06 g distilled water and filter sterilized.  Yeast nutrient was made by 
dissolving 6 g (NH4)2SO4  in 50 mL distilled water [28].  α-Amylase (Spezyme RSL) and 
glucoamylase (Distillase SSF) were provided by Genencor (DuPont™ Danisco®, Palo Alto, 
CA, USA).  The yeast was Red Star® active dry yeast (Lesaffre Yeast Corporation, 
Milwaukee, WI, USA).  With the exception of yeast nutrient (stored at room temperature), all 
reagents were stored at 4°C when not in use. 
Procedure. Ethanol production was determined gravimetrically for grain obtained 
from each harvested plot in every year of the experiment.  Briefly, 25 g ± 0.050 g of ground 
grain was mixed with ~72 mL of distilled water in a 125-mL Erlenmeyer flask.  To the flask 
were added, 1 mL of 200 mM CaCl2 solution, 400 µL of yeast nutrient, 100 µL of α-amylase, 
and a stir bar.  The flasks were capped with aluminum foil and heated on a double boiler with 
stirring for 15 min.  Flasks were then transferred to a 70°C water bath (scraping the inside of 
the flask down so that all particulates were in suspension), followed by placing in a 50°C 
water bath, and finally to room temperature, allowing enough time in each step to cool the 
flask contents to the temperature of the specified water bath.  Once the flask contents were 
below 40°C, 0.5 g of yeast and 0.5 mL of glucoamylase were added to each flask.  After 
these additions were made, flasks were immediately capped with a rubber stopper vented 
with a 18-gauge needle (to allow for CO2 release), weighed, and a start time and weight were 
recorded.  Flasks were then placed on an incubated shaker at 32°C and 175rpm for 72 h to 
ensure complete fermentation.  All flasks being run on a given day typically had start times 
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within 20 min of each other.  Flasks were stirred once between 24 and 48 h to agitate fine 
particles, which had settled to the bottom of the flask.  End weights of flasks were recorded 
after the 72-h fermentation (± 10 min from the recorded start time) was complete. 
Ethanol determination. The production of carbon dioxide on a molecular scale is 
equivalent to the production of molecular ethanol according to Equation 1.  Ethanol was 
determined gravimetrically by calculating carbon dioxide production (the difference in the 
starting and ending mass of a fermentation flask) and converting this value, by using 
molecular masses and the weights of maize fermented, to the mass of ethanol produced per 
unit of fermented maize.  Ethanol yields were adjusted to the standard 15% grain moisture. 
Equation 1:  Glucose fermentation products 
Glucose (C6H12O6) 2 Ethanol (C2H5OH) + 2 Carbon Dioxide (CO2) 
DDGS collection. Ethanol and excess water were evaporated out of the fermentation 
flasks by heating the flasks at 100°C in a water bath.  Final drying of the fermented mash to 
obtain DDGS was accomplished by using a dehydrator (approximately 100°C), and dried 
DDGS were stored at -23°C until HPLC analysis for fumonisin content. 
 
Fumonisin B1 impact on ethanol production 
Crystalline FB1 (BioPure, Tulln, Austria) was reconstituted in deionized water to 
attain a solution concentration of 1 mg mL-1.  Pre-weighed flasks of uncontaminated grain 
were spiked with this FB1 solution to achieve artificial contamination levels equivalent to 0, 
7, 15, 23, 30, and 37 mg kg-1 FB1.  Fermentations were performed as described above, with 
the exception of yeast quantity.  Yeast addition at 0.025 g/ 25 g of maize was previously 
determined to be the lowest relative addition level which produced no significant effect on 
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ethanol yield compared with fermentations using a standard addition of 0.5 g/25 g of maize.  
This lower level was used for this experiment to capture any potential impacts on 
fermentation, which would arise from FB1 toxicity to yeast.  Four replicate samples were 
fermented at each level of contamination.  DDGS resulting from the quadruplicate runs were 
aggregated for extraction and HPLC fumonisin determination. 
 
HPLC Analyses 
Reagents.  Fumonisin standards in 50:50 acetonitrile:water were obtained from 
BioPure (Tulln, Austria) and stored at 4°C.  Naphthalene 2,3-dicarboxaldehyde (NDA) was 
purchased from Sigma Aldrich (Buchs, Switzerland).  All other chemicals were purchased 
from Fisher Scientific (Fair Lawn, NJ, USA).  Unless otherwise noted, 0.2 µm of filtered 
deionized water was used in sample preparation (Barnstead Nanopure, Thermo Fisher 
Scientific, Waltham, MA, USA).  Reagents were prepared monthly according to Bennett and 
Richard (1994) with the modification of pH adjustment of 0.05M phosphate buffer to 7.4 
with phosphoric acid. 
Sample preparation.  Sample extraction was adapted from European Standard EN 
14352 [29] with modification.  Briefly, 10 g of ground grain (or 5 g of DDGS) was weighed 
and extracted with 25 mL of 25:25:50 (v/v/v) methanol/acetonitrile/distilled water by shaking 
on an orbital shaker for 20 min, followed by centrifuging at 2500 g for 10 min.  The 
supernatant was filtered through glass-fiber filter paper (Fisherbrand G6, Fisher Scientific) 
and the supernatant was collected in a 50-mL conical centrifuge tube.  The solids were 
extracted in the same manner with a second 25 mL volume of 25:25:50 (v/v/v) 
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methanol/acetonitrile/distilled water, and the collected filtrates were combined.  Filtrates 
were stored at -23°C prior to clean-up and analysis.   
Fumonisins were purified from sample extracts using Fumonistar® immunoaffinity 
columns (Romer Laboratories, Inc., Union, MO, USA), collected in glass tubes, and 
evaporated to dryness with a Visiprep® SPE vacuum manifold (Supelco, Sigma Aldrich, St. 
Louis, MO, USA) according to the manufacturer’s instructions.   
Derivatization. Samples were derivatized with NDA reagent according Bennett and 
Richard [30] with some modification.  Sample residues were reconstituted with 0.5 mL of 
methanol and the following reagents were added in sequence: 0.5 mL of 0.05M sodium 
borate buffer, 0.25 mL of sodium cyanide reagent, and 0.25 mL of NDA reagent.  Sample 
tubes were heated in a 60°C water bath for 20 min, then transferred to 4°C for 4 min.  
Samples were diluted with 3.5 mL of 40:60 (v/v) 0.05 M phosphate buffer (pH 7.4): 
acetonitrile, and transferred to 1-mL amber autosampler vials.  Post-derivatization, samples 
were stored at -23°C for up to 24 h until transfer to the autosampler for injection, and sample 
analysis was completed within 2 h of transfer [31]. 
HPLC instrumentation and parameters.  The LC system consisted of a Varian 
ProStar 210 pump, 410 AutoSampler, and 363 fluorescence detector (Agilent Technologies, 
Santa Clara, CA, USA).  The LC column was a Zorbax Eclipse Plus-C18, 3.5 µm (4.6x100 
mm) and was preceded by a Zorbax Eclipse Plus-C18, 5 µm (4.6x12.5 mm) guard column 
(Agilent Technologies).  Fumonisins were eluted isocratically in a mobile phase consisting of 
52:47:1 (v/v/v) filtered deionized water/acetonitrile/glacial acetic acid at a flow rate of 2.0 
mL/min. Fumonisin-NDA derivatives were detected by using 420 nm excitation and 500 nm 
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emission wavelengths. The autosampler was run with constant tray cooling at 4°C and 
column oven 30°C.   
Method quality control.  Limits of detection (LOD) were determined by dividing the 
standard deviation of the calibration curve residuals by the slope of the calibration curve at 
levels approaching the LOD and multiplying the result by 3.3.  Limits of quantification were 
calculated by multiplying three times the calculated LOD [32].  Method precision was 
measured by analyzing extracts of the same maize sample performed four times over a period 
of two weeks.  Method accuracy was tested by artificially contaminating ground maize 
samples with known amounts of fumonisin at two levels of contamination and testing the 
recoveries.  Low level artificial contamination in ground maize was equivalent to 4.1, 1.2, 
and 0.51 mg kg-1 FB1, FB2, and FB3, respectively, and high level artificial contamination was 
equivalent to 6.8, 2.0, and 0.82 mg kg-1 for FB1, FB2, and FB3, respectively (Table 2).   
Recovery experiments were performed on aggregate DDGS samples obtained from 
artificially-contaminated maize at five levels ranging from 7-37 mg kg-1 FB1 in ground grain, 
plus a zero-contamination control (method described above). 
 
Statistical Analysis 
Analysis of variance (ANOVA) was performed on log-transformed fumonisin and 
ethanol data using the PROC GLIMMIX procedure in SAS Version 9.3 software (SAS 
Institute Inc., Cary, NC, USA) fitting the data to a gamma distribution.  Factorial analysis 
was used to determine simple effects of maize event, insect infestation treatment, and their 
interaction.  Where interactions were present, multiple comparison analysis was performed 
by using a Tukey-Kramer adjustment.  Data were analyzed as six individual experiments, as 
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combining the data from the experiments (hybrids and insect treatments differed in 
experiment A and B) resulted in absent marginal means.  The log of the enrichment factor for 
each hybrid/insect treatment combination within individual experiments was tested against a 
null hypothesis equal to log(3) using the UNIVARIATE procedure to identify those that 
differed from the empirical 3x assumption.  The independent variable ‘hybrid’ used for 
analysis combines results from pairs of hybrids used in the experiments, which produced the 
same Bt insecticidal protein (either Cry1F, Cry1Ab, Cry1Ab x Vip3Aa, or none). 
 
Results 
HPLC Method Performance 
Calibration curves for FB1, FB2, and FB3 had linear regression coefficients (R) of 
0.999, 0.996, and 0.998.  The limits of detection for FB1, FB2, and FB3 were 0.11 ng, 0.18 ng, 
and 0.18 ng, respectively, which correspond to 0.040 mg kg-1, 0.065 mg kg-1, and 0.067 mg 
kg-1 in the maize sample (at 15% grain moisture).  The limits of quantification for FB1, FB2, 
and FB3 were 0.33 ng, 0.54 ng, and 0.54 ng, respectively, which correspond to 0.120 mg kg-1, 
0.195 mg kg-1, 0.200 mg kg-1 in maize (at 15% grain moisture). 
Recovery experiments for ground grain were performed in duplicate for FB1, FB2, 
and FB3 for two levels of spike (Table 3).  Recoveries for FB1 and FB2 were within the 
acceptable range established by the European Commission (ranges for FB3 were not 
established in this directive) [33].  The mean and standard deviations for FB1, FB2, and FB3 
were 1575±121 ng g-1, 388±27 ng g-1, and 70±1.3 ng g-1, respectively.  The coefficients of 
variation for FB1, FB2, and FB3, which were estimates of precision and were obtained from 
independent extracts of the same maize sample, were 7.7%, 7.0%, and 1.9%, respectively. 
119 
 
DDGS recovery experiments were performed for FB1 for five levels of spike.  Results 
were obtained by combining the DDGS from four individual fermentations at each level of 
spike, and by using these as one sample for HPLC determination of FB1.  Recoveries ranged 
from 96.4 to 119.2% (Table 4), slightly higher than the 88% reported by Bothast et al. [11] 
for artificially contaminated fermentations equivalent to 5 mg kg-1 in grain.  An additional set 
of four controls were run in the same manner (with no FB1 spike) and zero FB1 was detected 
in ground grain, but the DDGS contained detectable FB1 equivalent to 0.20 mg kg-1 in grain. 
 
Total Fumonisins (FB1 + FB2 + FB3) in Dried Distiller’s Grains with Solubles (DDGS) 
Insect injury, Fusarium ear rot symptoms, and total fumonisins in the grain used for 
these experiments have been reported [23, 34].  A summary of results for total fumonisins in 
ground grain is shown in Table 5. In 2008, total fumonisin levels in DDGS were significantly 
influenced by hybrid, insect infestation treatment, and the interaction of these factors in both 
experiment A and experiment B (for experiment A, F2,54=6.27 and P=0.0036, F1,54=13.18, 
P=0.0006, and F2,54=6.34 and P=0.0034, respectively; for experiment B, F2,63=83.67 and 
P<0.0001, F2,63=6.16 and P=0.0036, and F4,63=4.92 and P=0.0016, respectively).  In both 
experiments conducted in 2008, DDGS from non-Bt hybrids had significantly higher levels 
of fumonisins than DDGS from Cry1Ab hybrids (experiment A P=0.0109, experiment B, 
P=0.0319), Cry1F hybrids (P=0.0080), or Cry1Ab x Vip3Aa hybrids (P<0.0001).  
Additionally, in experiment B, fumonisin levels in DDGS derived from Cry1Ab x Vip3Aa 
hybrids were significantly lower than in DDGS produced from Cry1Ab hybrids (P<0.0001).  
Naturally infested plots in experiment A had DDGS with lower fumonisin levels than ECB -
nfested plots (P=0.0006) and similarly, in experiment B, naturally infested plots were less 
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contaminated than either ECB (P=0.011) or CEW (P=0.0083).  Insect infestation treatments 
in experiment B did not differ significantly within hybrids with the exception of the Cry1Ab 
x Vip3Aa hybrid where DDGS from naturally infested plots had significantly lower 
fumonisin contamination than DDGS from ECB infested plots (P=0.0012, Fig. 2 A).  Among 
all possible combinations of hybrid and insect treatment in any experiment, in any year, the 
highest levels of fumonisins in DDGS were found in those derived from ECB infested, non-
Bt plots in 2008 experiment A (Fig. 1 A). 
In 2009, DDGS fumonisin levels in experiment A were significantly affected by 
hybrid (F2,69=9.64 and P=0.0002) and insect infestation treatment (F2,69=10.8 and P<0.0001, 
Fig. 1 B).  Among the hybrids used in this experiment, those expressing Cry1F proteins 
suffered significantly less fumonisin contamination in DDGS than either Cry1Ab (P=0.0116) 
or non-Bt hybrids (P=0.0002).  Naturally infested plots in this experiment had less 
contamination than either ECB (P=0.0005) or WBC (P=0.0004) infested plots.  DDGS 
obtained from 2009 experiment B had fumonisin levels, which were significantly affected by 
hybrid (F2,84=76.78 and P<0.0001), insect infestation treatment (F3,84=5.73 and P=0.0013), 
and the interaction of these two factors (F6,84=2.9 and P=0.0129).  In this particular 
experiment, the differences in mean DDGS fumonisin contamination among all hybrids were 
highly significant (P<0.0001 for all pairwise combinations) with non-Bt>Cry1Ab>Cry1Ab x 
Vip3Aa.  Among the insect infestation treatments used, DDGS produced from ECB infested 
plots were more contaminated than plots with natural or CEW infestations (P=0.0104 and 
P=0.0070, respectively) but did not differ significantly from levels found in WBC-infested 
plots.  Experiment B DDGS fumonisin levels did not differ among insect treatments within 
the non-Bt hybrid, however, naturally infested Cry1Ab plots had significantly less 
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contamination than WBC infested Cry1Ab (P=0.0343) and CEW infested Cry1Ab x Vip3Aa 
plots were significantly less contaminated than ECB infested Cry1Ab x Vip3Aa (P=0.0028, 
Figure 2 B). 
Only experiment A was conducted in 2010, and DDGS fumonisin levels were 
influenced by the interaction of hybrid and insect infestation treatment (F4,81=5.09 and 
P=0.0010).  DDGS from Cry1F hybrids in the WBC infestation treatment had significantly 
lower fumonisin concentrations than the WBC- and ECB-infested non-Bt hybrids and the 
naturally infested Cry1F hybrids (P=0.0209).  In the naturally infested and ECB treatments, 
differences across hybrids were not significant. (Fig. 1 C).  
In 2011 only experiment B was conducted and hybrid was a significant determinant 
for DDGS fumonisin contamination (F2,84=15.69 and P<0.0001).  Among the hybrids used, 
non-Bt hybrids suffered the highest levels of DDGS fumonisin contamination compared with 
either Cry1Ab hybrids (P=0.0002) or Cry1Ab x Vip3Aa hybrids (P<0.0001).  In this 
experiment, the highest levels of DDGS contamination were those derived from ECB-
infested non-Bt plots (Fig. 2 C). 
 
Fumonisin Enrichment in DDGS 
The total fumonisin enrichment factors (total fumonisins in DDGS/total fumonisins in 
ground grain) were analyzed to determine if they differed significantly from the empirical 
estimate of three for each combination of hybrid x insect infestation treatment in individual 
experiments.  In 2008, the enrichment factor differed significantly for Cry1F x ECB 
(P=0.0129) in experiment A, and for non-Bt x ECB (P=0.0372) and Cry1Ab x natural 
(P=0.0400) in experiment B.  In 2009, Cry1Ab x WBC (P=0.0135), Cry1F x ECB 
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(P=0.0074), and Cry1F x natural (P=0.0372) in experiment A, and Cry1Ab x Vip3Aa x 
CEW (P=0.0432) in experiment B significantly differed (Table 6).  A similar set of 
significant differences were identified when only FB1 enrichment was examined, except non-
Bt x ECB in 2008 experiment B and Cry1F x natural in 2009 experiment A did not differ 
significantly from the anticipated 3x enrichment factor, and FB1 enrichment in non-Bt x 
natural in 2008 experiment B was significantly different (P=0.0427).  Twenty-six samples in 
the data set contained no detectable fumonisins in ground grain and, of these, only five 
remained fumonisin-free after fermentation.  The remaining 21 samples averaged 0.18 mg 
kg-1 total fumonisins in DDGS. 
 
Impact of Fumonisin Contamination on Ethanol Yield 
In artificially contaminated maize, there was no significant difference among the FB1- 
spike levels in the final amount of ethanol produced in the range of FB1 contamination tested.  
There were significant differences in ethanol yield among spike levels between 12 and 32 
hours after beginning fermentation (0.0230<P<0.0001, Fig. 3), however, these differences 
were overcome by 40 h. 
In naturally contaminated maize, there was no relationship between ethanol 
production and any of the grain quality measurements for the original grain (including insect 
injury, Fusarium ear rot symptoms, or ground grain fumonisin concentrations). In four of the 
six experiments, there were no significant differences in ethanol yield among hybrids. 
However, in experiment A in both 2008 and 2009, ethanol yield differed significantly among 
hybrids (F2,54=3.66, P=0.0323 and F2,69=7.26, P=0.0014, respectively).  In 2008, this 
difference was significant between Cry1Ab (mean 0.414 L kg-1 (2.78 gal bu-1)) and Cry1F 
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(mean 0.408 L kg-1 (2.74 gal bu-1)) (P=0.0244) and in 2009 there was a significant difference 
between Cry1F hybrids (mean 0.408 L kg-1 (2.75 gal bu-1)) and both Cry1Ab (P=0.0042) and 
non-Bt hybrids (P=0.0041) (mean 0.414 L kg-1  (2.78 gal bu-1 for both).  The mean ethanol 
production over all experiments was 0.410 ± 0.0091 L kg-1 (2.75 ± 0.06 gal bu-1).  Figure 4 
depicts ethanol yields in grain naturally contaminated with fumonisins in the range of 0-35 
mg kg-1. 
 
Discussion 
The results of fermentation of both naturally and artificially fumonisin-contaminated 
maize suggest that ethanol yields are not affected by naturally occurring fumonisin 
contamination in the central United States.  The ranges of kernel injury, Fusarium ear rot, and 
grain fumonisin concentrations in the present study were representative of maize production 
in the region. Treatment means ranged as high as 12.3 mg kg-1 in total fumonisins and 
individual samples ranged as high as 34.9 mg kg-1.  Typical fumonisin concentrations in 
maize grain rarely exceed these levels under natural conditions in most maize-growing areas.  
Within this range, there were no consistent relationships between ethanol yield and insect 
injury, infection, or ground grain fumonisin contamination.  Sosa et al. [18] found fumonisin 
contamination affected ethanol yield, however, the levels of contamination at which this 
occurred were unrealistic for naturally contaminated maize in the United States (100-1400 
mg kg-1).  ANOVA analysis performed on mean ethanol production for the hybrid x insect 
infestation combinations in the six experiments revealed only a few significant differences in 
ethanol yield among the different treatment combinations, and these differences were always 
<1.5% of total ethanol yield.  In 2008 and 2009, there were significant differences in ethanol 
124 
 
production among hybrids but they did not correspond with differences in fumonisin 
contamination among hybrids.  Within the range of natural fumonisin contamination found in 
grain used in the present study, there was no detectable effect of grain fumonisin 
contamination on final ethanol production; nor did the occurrence of insect injury or 
Fusarium ear rot significantly impact ethanol yield (within the ranges of severity that 
occurred).  Although ethanol production was unaltered with respect to grain quality in the 
current study, in either naturally or artificially contaminated maize, the 72-h fermentation 
time is much longer than used in most commercial ethanol processes.  In commercial 
settings, fermentation time generally does not exceed 64 h and can be as little as 36 h in 
attempts to maximize efficiency.   
As previously discussed, one of the prominent concerns with mycotoxin 
contamination in fermentation is their detrimental effect on viability and reproduction of S. 
cerevisiae [16, 35].  The present study utilized a high initial loading of yeast (0.5 g/25 g of 
maize) in fermentations of naturally contaminated grain; however, there was no significant 
effect on ethanol yield even when yeast concentration was reduced to 0.025 g/25 g of maize 
in the artificially spiked fermentation.  This suggests that toxicity of fumonisins to S. 
cerevisiae did not impact yeast activity under the fermentation conditions utilized, for maize 
contaminated in the range of 0-37 mg kg-1 fumonisins.  Any hindrance in yeast activity or 
reproduction which may result from fumonisin contamination were not detectable in the final 
ethanol yield after 72 h of fermentation (used in this study); in commercial settings with 
shorter fermentation times, there could be ethanol yield impacts if rates of yeast reproduction 
and/or activity are initially suppressed and the effect is not sufficiently overcome in these 
shorter fermentation times.  The results from the artificially fumonisin-contaminated 
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fermentation indicated that effects on fermentation rate, if any, were overcome as early as 40 
h after the start of the fermentation.   
Although in this study, ethanol yield was not consistently different between Bt and 
non-Bt hybrids, the yield of ethanol per unit land area is estimated to be greater on average 
for Bt hybrids. Yield benefits of growing Bt maize hybrids in the United States (as compared 
with conventional, non-Bt maize) have been estimated at 1067 kg ha-1 (15% moisture basis, 
17 bu a-1) [26].  Considering the average ethanol yield measured in this study, 0.410 ± 0.0091 
L kg-1 (2.75 ± 0.06 gal bu-1), a maize yield difference of 1067 kg ha-1 is equivalent to a 
difference in ethanol production potential of 438 L ha-1 (47 gal a-1) between Bt and non-Bt 
maize acres.  In addition to potential gains in ethanol productivity per unit land area, this 
study has shown that Bt maize hybrids produce higher quality DDGS as compared with non-
Bt DDGS, from the standpoint of fumonisin mycotoxin contamination.  The average 
fumonisin content of Bt-derived DDGS in this study was 2.04 mg kg-1 compared with DDGS 
derived from non-Bt hybrids, which averaged 8.25 mg kg-1.  Within the Bt hybrids tested, 
those with broader spectra of insecticidal activity had lower mean fumonisin contamination 
levels.  Cry1Ab targets only ECB and DDGS derived from these maize hybrids had an 
average fumonisin concentration of 2.64 mg kg-1.  Cry1F targets ECB and WBC and these 
DDGS averaged 1.97 mg kg-1 fumonisins while Cry1Ab x Vip3Aa targets ECB, WBC, and 
CEW and these DDGS averaged 0.94 mg kg-1.  Bt maize fermentations produced DDGS, 
which were consistently lower in fumonisin contamination than DDGS derived from non-Bt 
maize.  These reduced levels of contamination increase the range of livestock which can 
consume them without experiencing negative health effects and provide greater flexibility for 
DDGS inclusion rates in livestock diets.  The utilization of Bt maize for fermentation 
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maximizes the marketability of DDGS co-product, and ensures optimization of animal health 
and productivity for animals that consume them as a portion of their diet. 
Our results were consistent with the assumption of a three-fold enrichment for 
mycotoxin content in DDGS compared to the original grain.  Bennett et al. [36] examined the 
impacts of using zearalenone contaminated grain for ethanol production and found that, like 
fumonisins, no toxins were recovered in ethanol fractions; rather, they were recovered in 
fermentation solids at approximately twice the concentration in the original grain.  
Schaafsma et al. [37] recently sampled grain and DDGS at a commercial ethanol facility and 
found deoxynivalenol concentrations approximately three times higher in DDGS than in the 
incoming grain.  The current study has provided laboratory-scale fermentation results, which 
support this three-fold enrichment factor for fumonisins in DDGS.  The highest enrichment 
factors were in 2010 (experiment A), but these did not differ significantly from the expected 
3x factor due to their large standard deviations.  The average fumonisin contamination in 
ground grain for these samples was relatively low (≤1 mg kg-1) and DDGS produced from 
this grain had highly variable fumonisin contamination, but the means still fell below the 
lowest FDA guidance level for fumonisin-contaminated feed.  According to the statistical 
comparisons, 50 out of the 57 hybrid x insect treatment combinations had enrichment factors 
that were not significantly different from 3.0.  The seven instances where the enrichment 
factors differed from 3.0, all occurred in 2008 and 2009.  For all seven of these instances, the 
mean enrichment factor was < 3.0, averaging as little as 1.56 in ECB infested Cry1F hybrids 
in 2009 experiment A.  The average fumonisin contamination in DDGS for each of these 
seven exceptions was below 10 mg kg-1 and five of these exceptions did not exceed 5 mg kg-
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1.  The examples of enrichment factors significantly lower than 3.0 may have been due to 
masking of fumonisins in the DDGS matrix.  
Masked fumonisins (and masked mycotoxins in general) have come to the attention 
of scientists and are a significant concern for food and feed safety.  Masked mycotoxins are 
undetectable by many of the common analytical methods due to structural alterations 
occurring in planta [38-40] or during processing.  Some examples of modifications, which 
mask the toxins, are removal or alteration of functional groups and covalent or non-covalent 
binding of the mycotoxins to matrix components.  Masked fumonisins occur in heat-treated 
food products [41].  Dall’Asta et al. [42] have reported the occurrence of hidden fumonisins 
in raw maize, hypothesizing that this is a result of non-covalent associations with matrix 
macromolecules. Whether altered in the plant or during processing, masked mycotoxins may 
enter food and feed chains undetected in contaminated grains.  Through conditions incurred 
in grain handling and processing or through metabolic transformations occurring after 
consumption, they can be made bioavailable in their original form or rendered more toxic 
through physical and/or chemical transformations.  Currently, there is little if any data on the 
toxicological effects of masked fumonisins and identifying them in dynamic systems like 
maize fermentations is complex.  In one study, a strain of Saccharomyces cerevisiae at cell 
densities of 2.4 x 107 cells mL-1 was capable of binding approximately 60% of the FB1 in 
solution, even at concentrations of 100 ug mL-1 FB1 [43].  This is especially interesting in 
relation to maize ethanol production as this S. cerevisiae cell density is similar to the density 
used in maize ethanol fermentation (2.0x107 cells mL-1).  S. cerevesiae cells were capable of 
FB1 binding regardless of cell viability and the authors proposed the binding mechanism to 
be physical adsorption of fumonisins to cell wall components.  Additionally, Lactobacillus 
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bacteria are common contaminants of maize ethanol facilities [44] and some of these 
bacterial strains have the capability to generate masked fumonisins [43, 45].  It is plausible 
that due to the processing steps incurred in generating DDGS-including heat treatment, yeast 
inclusion, and propensity for bacterial contamination-that masking of fumonisins may be 
occurring.  To our knowledge, an analysis of the occurrence and identity of masked 
fumonisins in fermentation co-products has not been conducted; this may provide insight into 
the high variability among individual fermentations as well as the low fumonisin enrichment 
factors in some of the DDGS samples produced in the present study. 
In years when conditions are favorable for fumonisin-producing Fusarium species to 
grow and produce fumonisins, monitoring incoming grain at ethanol facilities may occur 
with regularity.  This is typically considered to be the point of control for DDGS, as 
monitoring DDGS fumonisin content post-fermentation is not routine practice in ethanol 
facilities.  The present work provides laboratory-scale validation for the assumption of three-
fold enrichment of fumonisin from bioprocessed ground grain to DDGS.  The present study 
also poses some new questions regarding fumonisin stability and potential masking during 
fermentation.  Similar to a study conducted by Bothast et. al. [11], the current study 
identified samples of ground grain without detectable fumonisins which produced DDGS 
containing fumonisins, albeit at low levels.  In all of these instances the final total fumonisin 
concentration in DDGS did not exceed 1 ppm. It is likely that fumonisins in these grain 
samples were present, but at levels below the LOD, and became detectable after enrichment 
through the fermentation process.  Seven of 57 calculated enrichment factors were 
significantly lower than the anticipated factor of 3.0.  Evidence that S. cerevesiae can adsorb 
FB1 provides one example of a matrix effect, which may render FB1 undetectable by 
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conventional methods.  The recognition of masked mycotoxins in grains suggests there may 
be mycotoxin risks even when grain is deemed free of mycotoxins by conventionally 
accepted analyses.  Mycotoxins may still be present, bound either reversibly or irreversibly to 
matrix components, or structurally altered in a way that they escape conventional detection 
methods.  These forms are poorly characterized and have the potential to become 
bioavailable after consumption.  A greater understanding of the occurrence and identity of 
masked fumonisins in fermentation processes, as well as in grains and grain-based products 
in general, is a growing need for food and feed safety. 
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Tables and Figures 
 Table 1. FDA guidance levels for total fumonisins (FB1+FB2+FB3) in corn and corn by-
products intended for animal consumption and maximum inclusion of contaminated feed as a 
percentage of the diet on a dry weight basis [46] 
Species Total fumonisins (FB1+FB2+FB3) 
Maximum 
inclusion 
Equids and rabbits 5 mg kg-1 20% 
Swine and catfish 20 mg kg-1 50% 
Breeding ruminants, breeding poultry, and 
breeding mink* 30 mg kg
-1 50% 
Ruminants ≥ 3 months old being raised for 
slaughter; mink being raised for pelt production 60 mg kg
-1 50% 
Poultry being raised for slaughter 100 mg kg-1 50% 
All other species or classes of livestock and pet 
animals 10 mg kg
-1 50% 
*including lactating dairy cattle and hens laying eggs for human consumption 
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Table 2.  Summary of 2008-2011 field trials.  Insect infestation treatment abbreviations are as 
follows: ECB-European corn borer (Ostrinia nubilalis), WBC-Western bean cutworm 
(Striacosta albicosta), CEW-corn earworm (Helicoverpa zea), natural-no insects applied. 
Year Experiment Location Hybrids 
Insect 
infestation 
treatments 
Planting 
date 
Harvest 
date 
2008 A Story County 
6 total 
2 Cry1F 
2 Cry1Ab 
2 non-Bt 
ECB 
Natural 14 May 28 Oct 
2008 B Boone County 
3 total 
1 Cry1Ab 
1 Cry1AbxVip3Aa 
1 non-Bt 
ECB 
Natural 
CEW 
18 Jun 13 Nov 
2009 A Story County 
6 total 
2 Cry1F 
2 Cry1Ab 
2 non-Bt 
ECB 
Natural 
WBC 
8 May 30 Oct 
2009 B Boone County 
3 total 
1 Cry1Ab 
1 Cry1AbxVip3Aa 
1 non-Bt 
ECB 
Natural 
WBC 
CEW 
4 Jun 10 Nov 
2010 A Story County 
6 total 
2 Cry1F 
2 Cry1Ab 
2 non-Bt 
ECB 
Natural 
WBC 
21 Apr 5 Oct 
2011 B Story County 
6 total 
2 Cry1Ab 
2 Cry1AbxVip3Aa 
2 non-Bt 
ECB 
Natural 
WBC 
CEW 
16 May 24 Oct 
 
Table 3.  Recoveries (%) of FB1, FB2, and FB3 for low and high level spikes in ground grain.  
Results are listed as repetition 1, repetition 2. 
 FB1 FB2 FB3 Total FB recovery 
Low spike 92.8%, 104.8% 81.0%, 89.5% 99.7%, 117.6% 90.9%, 102.7% 
High spike 76.5%, 85.5% 71.6%, 76.5% 82.6%, 92.2% 76.0%, 84.2% 
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Table 4.  Recoveries (%) of FB1 from fumonisin-spiked fermentations.   
Spike level Concentration of FB1 in grain (mg kg-1) after spike % total FB1 recovered 
1 7 102.2% 
2 15 119.2% 
3 23 96.4% 
4 30 108.3% 
5 37 99.9% 
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Table 5.  Mean fumonisin levels in ground grain, 2008-2011 (mg kg-1).  Bold values within 
the rows denote treatment means within that experiment.  Within experiment x year, means 
with the same superscript do not differ significantly (P≤0.05) as determined by means 
comparison of log transformed data. 
 Insect infestation treatment  
 Nat ECB WBC CEW Hybrid means 
2008 Experiment A 1.188 5.240   3.214 
NoBt 0.860b 12.34a   6.598 
Cry1Ab 1.446b 1.393b   1.419 
Cry1F 1.257b 1.991b   1.624 
2008 Experiment B 1.416 2.120  3.577 2.371 
NoBt 2.317ab 4.552ab  7.756
a 4.875 
Cry1Ab 1.857abc 1.297bc  2.759
ab 1.971 
Cry1Ab x Vip3Aa 0.072e 0.512cd  0.217
de 0.267 
2009 Experiment A 0.105 0.5474 0.553  0.400 
NoBt 0.116cd 1.245a 0.636abc  0.667 
Cry1Ab 0.147bcd 0.301abc 0.780ab  0.397 
Cry1F 0.041d 0.201abcd 0.226abcd  0.158 
2009 Experiment B 1.548 2.402 1.657 1.426 1.758 
NoBt 3.031ab 5.334a 2.354ab 2.418ab 3.284 
Cry1Ab 1.447abc 1.331bc 2.503ab 1.609abc 1.723 
Cry1Ab x Vip3Aa 0.164de 0.542cd 0.115e 0.251de 0.268 
2010 Experiment A 0.434 0.744 0.500  0.560 
NoBt 0.411ab 0.995a 0.842a  0.749 
Cry1Ab 0.291ab 0.683a 0.535a  0.503 
Cry1F 0.600a 0.555a 0.125b  0.426 
2011 Experiment B 0.814 1.159 1.030 0.819 0.955 
NoBt 1.215abc 2.714a 1.708ab 1.683ab 1.830 
Cry1Ab 0.593abc 0.533abc 0.949abc 0.492abc 0.642 
Cry1Ab x Vip3Aa 0.633abc 0.230c 0.432abc 0.281bc 0.394 
Treatment means 0.899 2.080 0.910 1.941 1.436 
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Table 6.  Mean enrichment factor for fumonisins from ground grain to DDGS by year, 
experiment, and insect treatment.  Shaded means are those for which the total fumonisin 
enrichment factor differs significantly from the empirical factor of 3.0 (P≤0.05). 
 Insect infestation treatment  
 Nat ECB WBC CEW Hybrid means 
2008 Experiment A 2.95 3.03 na Na 2.99 
NoBt 3.46 3.79 na Na 3.62 
Cry1Ab 2.77 2.98 na na 2.87 
Cry1F 2.62 2.32 na na 2.47 
2008 Experiment B 1.97 2.65 na 2.98 2.53 
NoBt 2.17 2.11 na 2.55 2.28 
Cry1Ab 2.37 2.83 na 2.47 2.56 
Cry1Ab x Vip3Aa 1.36 3.00 na 3.91 2.76 
2009 Experiment A 1.73 1.99 1.63 na 1.79 
NoBt 1.45 2.69 0.89 na 1.75 
Cry1Ab 1.29 1.76 2.04 na 1.68 
Cry1F 2.56 1.56 1.83 na 1.97 
2009 Experiment B 2.36 2.83 3.15 2.25 2.65 
NoBt 2.94 2.62 2.99 2.87 2.86 
Cry1Ab 1.93 2.91 2.87 2.31 2.51 
Cry1Ab x Vip3Aa 2.22 2.97 3.57 1.57 2.58 
2010 Experiment A 7.30 5.43 4.08 na 5.60 
NoBt 7.40 5.43 3.39 na 5.41 
Cry1Ab 9.25 8.19 4.93 na 7.46 
Cry1F 5.25 2.66 3.93 na 3.95 
2011 Experiment B 2.35 3.60 3.11 4.56 3.41 
NoBt 1.81 4.66 3.28 5.89 3.91 
Cry1Ab 2.65 3.67 3.27 4.43 3.51 
Cry1Ab x Vip3Aa 2.60 2.47 2.77 3.38 2.80 
Insect treatment means 3.25 3.30 3.06 3.26 3.23 
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Figure 1.  Mean total fumonisin concentration (FB1 + FB2 + FB3) in DDGS for experiment A 
in A) 2008, B) 2009, and C) 2010.   
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Figure 1 continued 
 
 
Figure 2.  Mean total fumonisin concentration (FB1 + FB2 + FB3) in DDGS for experiment B 
in A) 2008, B) 2009, and C) 2011.   
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Figure 2 continued 
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Figure 3. Ethanol production (L kg-1) over 72 h of fermentation for grain artificially 
contaminated with FB1 in the range of 0-37 mg kg-1. 
 
 
Figure 4.  Ethanol yields from fermentation of maize naturally contaminated with 
fumonisins.  Error bars denote standard deviation, and the number of samples in each 
fumonisin contamination category is denoted on the horizontal axis labels. 
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CHAPTER V 
GENERAL CONCLUSIONS 
 
Bt maize was originally developed to target the European corn borer (ECB), the most 
widespread above-ground pest of maize and with success; extensive adoption of Bt maize in 
the United States has effectively reduced overall ECB populations.  More recently, additional 
Bacillus thuringiensis genes have been incorporated into maize to target a wider range of 
Lepidopteran pests such as corn earworm (CEW) and Western bean cutworm (WBC).  The 
present research project examined hybrids expressing three different Bt-derived insecticidal 
proteins (Cry1Ab, Cry1F, and Cry1Ab x Vip3Aa) to determine their efficacies against 
infestations with target and non-target Lepidopteran pests compared with near-isogenic, non-
Bt maize.  Bt maize hybrids effectively deterred insect feeding from their target pests and 
produced grain with reduced insect injury, Fusarium ear rot, and fumonisin contamination 
compared with non-Bt maize hybrids.  Protection against multiple Lepidopteran pests 
provided by Cry1F or Cry1Ab x Vip3Aa resulted in the most noteworthy improvements in 
grain quality and reduced fumonisin levels.  These results are important for maize growers in 
the Midwestern United States where predominant pest populations are shifting as they 
compete to fill the niche left by declining ECB populations.  CEW and WBC are contenders 
for this position.  The present research demonstrated that grain quality preservation is 
possible under conditions of significant pest pressure from either of these two species, 
through strategic planting of maize hybrids with Bt insecticidal proteins targeted to the 
appropriate regional pest. 
The maize ethanol industry is significant in the United States and the sale of DDGS 
co-product is necessary for financial solvency in the industry.  DDGS are commonly used as 
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animal feed, and the industry assumption is that mycotoxins are enriched in DDGS up to 
three-fold compared to their originating grain.  Ethanol yields after 72-h were unaffected for 
fermentations of maize contaminated in the range of 0-35 mg kg-1 fumonisin.  Bt maize 
fermentations produced DDGS, which were consistently lower in fumonisin contamination 
than DDGS derived from non-Bt maize.  The average fumonisin content of Bt-derived DDGS 
was 2.04 mg kg-1 compared with DDGS derived from non-Bt hybrids which averaged 8.25 
mg kg-1.  Among the Bt hybrids tested, those with broader spectra of insecticidal activity had 
lower mean fumonisin contamination levels in DDGS.  The reduced levels of fumonisin 
contamination in Bt DDGS increases the range of livestock which can consume them without 
experiencing negative health effects, and provides greater flexibility for DDGS inclusion 
rates in livestock diets.  The utilization of Bt maize for fermentation maximizes the 
marketability of DDGS, and ensures optimization of animal health and productivity for 
animals that consume them as portions of their diet.   
The present study provides laboratory-scale validation for the industry assumption of 
a three-fold enrichment of fumonisins in DDGS, with fumonisin measurements traceable to 
individual samples.  The present study also poses some new questions regarding fumonisin 
stability and potential masking during fermentation.  Ground grain samples identified as 
having undetectable fumonisin levels but produced DDGS containing fumonisins, albeit at 
low levels.  Additionally, seven of 57 calculated enrichment factors were significantly lower 
than the anticipated factor of 3.0.  A greater understanding of the occurrence and identity of 
masked fumonisins in fermentation processes, as well as in grains and grain-based products 
in general, is a growing need for food and feed safety.   
 
 
